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ABSTRACT R
r«' o .. .o \ . : e ’

-~ In thiszdissertation, some general procedures for synthesizing

- filters us1ng only R-C e]ements, unity-gain ampI1f1ers, and operat1ona1

ampI1f1ers are d;scussed Two approaches are taken In Chapter II

second order vo]taqe transfer functions are realized by var1ous methods-v.

to yield m1nUmum sens1t1v1ty to parameter variations Theorles due
to Calahan and Horow1tz for opt1ma1 decompos1t10n ‘of the denomlnator -
po]ynom1a1 are applf;d 1n the synthesis. The state var1ab]e techn1que'
-is a]so used to g1ve the opt1maI result in tenns of the: number of
ecapac1tors used and the spread of e]ement va]ues 4Two;other methods,
. ethe coeff1c1ent -matching techn1que and the s1mulat1on of qrounded

o \ \

1nductances Iead to a low sens1t1v1ty resu]t w1th on]y three act1ve

‘ e]ements Trans1stor c1rcu1ts are 1ntroduced to construct the. unity-

"

’,

gain amp]1f1ers ExafrlmentaI c1rcu1ts using state varlab]e technlques

and grounded inductante s1mu1at1on are constructed and tested Pract1ca1®

resu]ts.1nd1cate a close reIat1onsh1p w1th the theory
A. d1fferent’9pproach 1s tak for synthesws in Chapters III and

JIve A h]gh order - funct1on is r

f.t1ona1 amp11f1ers are emp]oy.d to real1ze the negat1ve 1mm1ttance
>1nverters which are to replace the roat1ng lnductors in the -
f1]ter conf1gurat1ons der1Ved by conventlonal de51gn © A s1xth order
Chebyshev low- pass f1]ter and a twelfth- order Butterworth band- pass ;““

filter are built with favorable results. A band stop f1lter of the

“‘Cauer type with sharp frequency cutoff lS des1gned 1n Chapter IV. jAII~- ’

' pract1ca1 high- order f11ter circuits in these two chapters are a]so

ized dlrectly in one section. Opera— '

- . "
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tested 'wifch respect to temvaerature variations . 'Measured data indicate
that the perfoﬁnanté of these filters does not chaﬁgeo»significantly.
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 CHAPTER I
INTRODUCT ION - R

-2 . . /

N

1.1 BACKGROUND , : Y
7 In cgﬁyentiona1 filter dqsign the non-ideal‘characteristics
of 1nductors result in a degradat1on of the filter perfonnance Many
early attempts were made to overcomg’ the prob]em?'assoctated w1th in-
| ductors by USIHQJR -C actlve f]}ters w1th vacuum tubes or1q1na]]y used
as'. the actlve e]ements Cost ’power consumpt1on, size, we1ght among
many factors were obstacles that 11&uted the pract1ca] use of such
filters. The invention of the trans1stor in 1948« he]ped to overcome
some of~these problems . The further deve]opment in manufacturinq
techno]ogy led to the: ava1]ab111ty of 1ntegrated c1rcu1t operat1ona1

3\\amp11f1ers which are now w1de1y used as the act1ve e]ement The

~advancement in the perfonnance of an1]able act1ve c1rcu1t elements -

P

has been paral]e]ed by research in 7ynthes1s techn1ques that can be."
/| used for the construct.on of R- C\act1ve f11ters |
Many of the problems: 1nherent to act1ve filter design such as.
sensitivity and stabiIIty have been overcome It'is now both €co-.
nomical and pract1cal in many app]lcatlons to replace convent1ona1
\f11ters by the1r actlve counterparts As better actlve elements are -
’developed the areas where active, f11ters can be used to replace |
convent10na] filters will 1ncrease 'v |
The advantages of act1ve fllters over convent1ona] filters. are'
mult\fold He1g t and space requ1rements are reduced The output

f)mpedance of the amp]vflers used as the actlve dev1ce is usua]]y

remasrr——



e ad

1ow_and thusvthe load. impedance does not become a-condition;whjch

) H
rA i

‘must be satisfied infthe design of ‘the filter. Buffer amplifiers are

not normally required, and insertion gain s poscible without the

»~

use 6f additional amplifiers. Filters can he designed with a high

input impe-ance and the source impedance is no longer a factor thath
must be consldered.\\ - T . . ¥
The R-C actlve f11ter is not w1thout d1sadvantages ‘The

active e]ements'requ1re a power supply and power d1ss1pat1on is

_greater than that in a passive structure. Resistors and capacitors

¢

" are 11m1ted to moderate values. Performance of the active compenents

11m1ts the pract1ca1 use of active. filters to the aud1o ranqe of -

/

’gfrequenc1es. rStab111ty'and sensitivity are two serious prob]ems,

however vwith proper design they can be brought under contr01< The

dynam1c range of the actlve filter is another ]1m1tat1on and moreover

vthe act1ve elements add additional no1se to any system.

'\ \‘.
In practlce active fllters are found most usefu] in the low
S

'frequency range where 1arqc 1nductances ar° usually requ1red 1n\the

' convent1onal f11ter des1qn ) Large va1ue 1nductors are d1ff1cu]t to

manufacture bulky, expens1ve and poor in qua11ty It‘lS'notsJust an

alternat1ve to use active de51qn 1n“the low frequency range but a

?necess1ty, espec1ally for f11ters w1th a sharp cutoff frequency ;

characterr§t1c | The'followan two examples will demonstrate the”

' prob]ems associa ~d with 1nductors used/fﬁ’?itonventlonal ~design.

)

'Examp]e 1

‘

-

Design objectives: Lou-pass.fi]ter,'Cauer  type, third-

. - .
. . : T
. o . .

!

~J v



order, pass-band ripple*of 1.25db, minumum attenuation is 31.3 db
and it occurs at the normdlized radian frequency of 1.7434.

~ Conventional design of such a filter is given in Fig. (1.1).

¢
%] " . “"\
. - - 07 \
: 1-0 '
o i -9
o ‘L 03327 J_
N I\
- T

: o A N0
F-ssoz ’ 1-9602T _

'. ‘Figure (1;1) Thirdiorder;Caper 1ow—pass fi\ter. o g ’_‘SJVT
A fahi]y of normalized freodency response curves are shown in
Fig. (1.2) and Eig.'(1.3) where the quaiity factor for the inductor
(QL’= wplk/r) a's_ given as curve parameter (wp =1 in norma]fzedf-
value, r= 1nterna1 res1stance) | | ' _ |
| As the qua11ty factor decreases the response curves dev1ate

from the des1red value and the trans1t1on region espec1a11y shows a

marked dev1at1on from the des1red curve. In addition, the 1nsertlonv'

4

 loss itétncreased in the pass -band. It 1s, therefore estimated that
for QL 3.0 approx1mate1y, the response dev1ates too much from the

ideal case to be practical]y usefu] : .. | ,f —_ -lx . N

i‘v
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Figure (1.3) Frequency response of the filter g1ven in F1q (1 1)

©in the trans1t1on regwon -




Examp]e 2:

Des1gn objectives:

low-pass f11ter Cauer s type, f1fth order,
pass -band ripple is 0. 18 db

minimum attenuation is 61.43 db and it
occurs at the norma11zed radian frequency of 2.0.

o~ L

R-L-C filter by conventional design is given in Fig. (1.4)

1:27091 1113196
1.0 ‘
—\/

‘[ 0-07446 J_ .1 0-20239- J. , .
—_— | o ﬂ%
L24097'r' 19355 1‘ . 142874]- | 5

Figure (1;4)~

Fifth order Cauer low pass filter.
/\\For convenlence

. a]] 1nductors in the circuit are assumed to. have
the s qua]1ty factor. = - “ . o
Aga1n3_F1g (1.5) and Fig. (1. 6) 1nd1cate that for Q
approximately,
_vacceptable.

5o
the fl]ter has too poor aresponse to be pract1ca]]y
It is est1mated ‘that 1nductors of even. better qua11ty
are required for more severe cond1t1ons
From these two examples

one can see that the 1ow quallty factor
of 1nductors at low- frequenCy ranges

That is why actlve 1nductorle\s~
- these ’ '

causes very poor fv]ter performance

fﬁ]ters are necessary in 51tuat1ons 11ke
L
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Fiéﬂre (1.6) Frequency response of the filter ngen in F1g (1 4)

in the trans1t1on region.



There are many approaches used to synthes1ze R-C act1ve net—
works, and the methods presented 1n th1s thes1s can e1ther be c?ass1-
 fied as the synthes1s of basic second-order sectwons wh1ch are-
cascaded.to fOnn.h1gher sectwons or the direct synthes1s ‘where the
passive structure is rep]aced by an equ1va1ent c1rcu1t Within thds
.’ somewhat narrowed f1e]d the #§573L1ng brief survey of the-literature
is se]ected to q1ve representat1ve a;proaches, sinece the contr1but1ons
over the years have become too numerous to be llsted comp]ete1y The .
'references are listed in chronological order so as to give a broa:
overview of the d1rect1ons -and trends that have deve]oped
In 1955, Sa]]en and Key (1] pub11shed some twenty ~-five circuits
for rea]Tz1ng var1ous types of .second- order vo]tage transfer funct1ons.-h
) us1ng R C passvve elements and actlve amp11f1ers In many cases,, the
nW\act1ve e]ements were simple cathode fol]owers with: stable ga1n h1gh N
.1nput 1mpedance Tow output 1mpedance, and 1arge dynamlc range Two
exper1menta1 cwrcu1ts us1nq vacuum- tubes were constructed ahd tested.
' These filters operated well in the. low frequency range be1ow 30 Hz
:where the dlss1pat1on factors of ava11ab1e 1nductors were too 1aroe
to perm1t the pract1ca] design of conventxona] fllters Th1s paper
s cons1der°d one of the s1qn1f1cant contr1but1ons and some of the1r:
c1rcu1ts are st111 )n use, Hakim [2] proposed- a new synthes1s tech-
nique for low- pass f11ters which 1nvolved a vo]tage amp11f1er w1th a-
gain of two. The root sens1t1v1ty to parameter var1at10ns was mini-
'm1zed us1ng the opt1mum decompos1t1on of the denom1nator po]ynom1a1

\
'/ Transistor c1rcu1ts were used to rea]1ze the - vo]tage and current
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amclifiers. ‘ o .

In 1966, a Sikth4order band—pass active fiiter‘withtindependent“
adjustment of poles and jw axis zeros was propOSed by KerWin and Huels-
man [3] Three second order filters were cascaded toqether A low— ‘h

ga1n§"%p11f1er was used in each sect1on in wh1ch the output s1qna1 was’

fedback - through a properly designed two port R- C network. ° j : 3&*

One year 1ater, R1ordan [4] advanced a novel and effective method
for synthes121ng a grounded inductor using two operat10na1 ampl1f1ers.
H1gh 1nductances and qua11ty factors at 1ow frequency were made poss1b1e

Grounded 1nductors in convent1ona1 fi]ter dESIQH are Slmp]y rep]aced by
\
i‘

\

10

the act1ve reallzat1on ThlS c1rcu1t was found very usefu1 in many later )

applications -in active f11ter des1gn In the same year, Deboo (51 a]so
reported a }hree—operat1onad—amp1jf1er design to realize axfloat1ng_1n—
.ductor'hy aﬁgyrator-cirCuit. An experimental third—order low-pass,
lcauer fi]ter wasrconstructed accordingly i The ana]oq s1nu]at1on of a-
second-order vo]tage.transfer functionvhad been wel]—known.l However,
‘Kenuin,-Huelsman and‘Newcomh 6] formally pub]ished‘their result using .
Lstate-yariable'éynthesis_forlfnsenSitive_integratedycircujt'transfer

'

.. - : . S : ‘ .
- functions.  For second-order functions three op€rational amplifiers

" bwere used:. In the same circuit,-band—pass.'lowépassfand_hiqh—pass

- functions with the same denominator cou]d be rea]i&ed' The ma1n ad-

vantaqes were very 1ow sens1t1v1ty w1th respect to parameter changes,

h

’

and 1ndependent adJustments of center frequency and qua11ty factor No .

© more than the canonic number of capacxtors (two) was requ1red The

! versat111ty and high performance_of th1s des1qn is the ma1n reason uhy',h

q
4

@
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commerc1ally available act1ve filters in the past few years have been

©

b
based on th1s synthes1s techn1que

The ldea was 1n1t1ated¢by Bruton in 1968 [ 7] that a frequency—

‘ dependent neqat1ve resistor could be real1zed by pos1t1ve 1mpedance-

convertor- typeenetworks The concept was used to synthesize new types

of inductorless selectlve networks Th)s work started a new trend of -

mm@ﬂgn ldeas in later years Geffe 8] introduced what was called a

~

..admlttance matrices with un1tyfga1n voltage amplifiers.

. resonator which. was realized by two . operational ampllf1ers us1ng the -

/
dual-1ntegrator concept. One c1rcu1t was taken from

‘ Tlen and Key's
catalogue and its usefulness was extended by act1 Q m tiplication C
H1lberman and Joseph [9]odealt wwth analysls ‘and synthes1s of admlttance

matrlces of R-L-C and act1ve common qround networks

Q

The concept was

further extended oy Hilberman [10] in realizing ratlonal transfer and
. However, the‘
common terminal of the amplifiers-was nyt necessarily connetted.to_

ground

Holmes and He1nle1n in 1969 Lll] ‘reported, some: capac1tor loaded

semi- floatlng gyrator c1rcu1ts for real121ng sharp- cutoff low-pass

5

filters. Temperature 1ndependence was tested and found to be satlsfactory

S

over a wlde range The. theory of real1z1ng gyrators with. float1ng ports,.

gyrator Q enhance, and component tolerances in f1lters was also d1scussed

-4

Bruton [f?] furthenxdeveloped h1s own ideas of us1ng frequency dependent

_ negat1ve res1stance to realwze the ell1pt1c ladder Tow- -pass,

ilters \fv/’//
S /o
two operat1onalfampl1f1er c1rcu1t was introduced to real1ze-this active

o
<

‘component. - Tow [131 reported a new approach of active filter design by
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jffollowing the described five-step process. Desxgn methods usrng s1ngle-,

: ;loop feedback or mu1t1 -loop feedback approach were cr1t1ca1]y examined
‘by M1tra [14] w1th particular emphasis on sen51t1v1ty and censtructlon

\
problems Soderstrand and Mitra [15] proposed a_low-sensi 1v1ty -second-

order structure whlch had the m1n1mum number of capacitors.

lva]ues were 1nver§e1y proport1ona] to the system 0. »

\j} o In 1970 Moschytz (161 made a thorough study ‘of. the network ’
; character1sf1cs of a nonideal operatlonal amp11f1er whlch was used in
most - 11near act1ve fl]ter synthe51$ Cheung [17] advanced a new synthe«

4

cou]d be decomposed in two ways one with prescr1bed pole sen51t1v1ty,

P
. the other by Ca]ahan 5 RC -RL decompos1t1on Moschytz [18] reported a

yersat1]e des1gn approach by decompos1ng a g1ven second- orde;,funct1on
‘Into a low- Q approx1mat10n of thls functlon,in cascade with an actlve
frequency emphas1z1ng network. Generaljzed Immlttance converters were

| used by Antonlou [19] to y1e]d ]ow sens1t1v1ty for synthe51s A d1rect

h'synthes1s hpproach was taken to real1ze an e1gthsorder Butterworth

transfer funct1on A c1rcu1t w1th a Q- 1n$ar1ant prope;}y obtalned by

s1s procedure us1ng on]y untty ga1n contro]led SOurces The denom1natorﬁ

12

'opt1m121ng the galns of amp11f1ers was pub]]ShFd by ‘Geffe [20]. However;“

the center frequency and band-w1dth cou]d st1l] : Sh1ft<ii,‘ The re—v
' search reported by Orchard and Sheahan (21] made lnten51ve use of '. ‘
‘fR10rdan s gyratorr‘ Several exper1menta] h1gh-order band pass f11ters
.Were made to meet the severe requ1rements of telephone channel f11ters
h'In1go [22] presented a c1rcu1t real121ng azﬁand-ellm1natlon second-order
fllter us1ng a f1n1té ga1n voltage amp11f1er Tarmy and Ghau51 [23]

®

o

PRV
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repbrted a second order filter which was capable of very h1gh Q resu]ts
@ v

by us1ng d1fferent1a] 1nput differential- output finite ga1n amp11f1ers
Stable Q's up to about five thousand were obta1ned Moschytz [24]
.found that proper selection of pole-zero pa1rs for the second order
realization of prescrlbed Nth- ordej:network ylelded mi nimum senswt1v1ty
The idea of using- frequency dependent negat1ve res1stance e]ements
as the active dev1ces was further extended by Anton1ou [25] in 1971 for )
the SynthESIS of e111pt1c band-pass funct1ons Thomas [26] presented a
new k1nd of active e]ement called the b1quad by using operat1ona1 ampli-
fiers. A compensat1on techn1que mas derxwed to allow high-Q operat1on
at several hundredﬁk1lohertz with hlgh s1gna1 capacwty and w1de dynam1c
range. oo o _ | ;: _
| - In 1972;‘some new conffgurations.for realizing second¥order func-
t%ons were introduced by Hamiltonxand Sedra>[27] The method»wasvbased

1on pole -zero cance]]at1on of a tw1n T network Two operat1ona1 amp11f1ers

o .were used in the fllter for a O of~anut five hundred Sens1t1v1ty of

. act1ve cascade and 1nductance s1mu1at1on schemes was compared 1n a paper
“by Holt and Lee {281. Ana]yt1ca1 results 1nd1cated that doub]y termlnated

'1LC fllters rea]lzed with s1mu]ated inductances had a 11m1ted 1mprovement |

- in sen51t1v1ty as compared w1th fllters rea]1zed with.a cascade of second—

P4
order active sect1ons Apart from a]l previ ous]y-ment1oned des1gn methods

| usvng on]y llnear act1ve e]ements Bruton [(29] recently rep01ted some
llnterestlng results of us1ng the ana]og muTtlpller as the bas1c nonl1near
' actlve element in the realization of an elllpt1c hlgh order, low-pass

function with tunable cutoff frequency. Rea11zat19ns were s1mu1ated_by

i
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means ﬁo( 1mpedance scaling networks A survey on the pract1ca1 and
'econom1c21 aspects of act1ve Tilters was made by Mattera [30] leter
rea11zat1ons by various. methods were presented by Cheng and Stromsmoe
[315 using current and voltage grounded unity-gain amplifiers.

o,

\
)
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‘].2 SCOPE OF THE THESIS ,
This)thesjs deals wfth‘the,syntheSis,of linear, lumped filters
by passiJefR-C and linear active components’ on]y.’ BandApass and band-
stop filters are,the nain design objectives as they are usually more

difficult to rea1ize. Techniques are developed for fi]ters to be used

in the audio frequency range. Operation of such filters in a higher.

/

. frequency range 15 11m1ted by the de51gn mefhods and perfonnance of
active dev1ces. Furthennore, -relatlve 1ower!costs and sat1sfactory
‘berformancevof.passive‘R—L;C filters do not ju§{;fy’the use of their”
'active‘COunterparts [30]“‘ Practical filters constructed in this |
dISsertatlon do not requ1re the use of h1gh perfonnance 0perat1ona]

amp]1f1ers £

~Six=newvmethods discussed in‘Chapter IIvfor réa]izino ‘second-
order funct1ons are darectly applicable to rea11z1ng polynom1a1 f11ters
such as those of Butterworth, GauSSIan response and Legendre response.
» %H;gh order polynbm1a] frlters rea]1zab]e by a new d1rect synthes1s
4 technlque are reported in Chapter iII | ‘ '.f A
_In Chapter IV, the. Cauer band stop f11ters are synthes1zed by a
novel method which™ requ1res only a small number of act1ve components
ngh§order d1rect synthesis is also 00551b1e in th1s case.
' Exper1menta1 c1rcu1ts ba\ed on the proposed,des1gn;technioues are
constr* ted and testedvin mostléases. Temperature effects on the per- ;
formance of the f: ‘ters are observed for severa] cases w1th1n ‘the range of - .

2 c (e F) to 30° ¢ (1587 B



$ " CHAPTER II
'SYNTHESIS OF INTEGRABLE SECOND-ORDER HIGH-Q FILTERS AND GROUNDED
'DRIVING-POINT ADMITTANCES USING GROUNDED UNITY-GAIN AMPLIFIERS | /«

2.1 | BAC:'nROUND :
S1nce hlgh order h19h Q voltage transfer funct1ons whether they .

‘be of Butterworth, Chebyshev Cauer or other type can be broken down

- into those cons1st1ng of at most second- order funct1ons, it'is natural

that one approach to realize all the poles and zeros o such a h1gh—
order funct1on 1s to synthe51ze each complex pole~p5;:§in second order
e /

sub-functions. Cascad1ng all the sub -sections (f1rst order function€

for real poles), a very complex f1lter of high order can be synthes1zed

It is an easier problem because there are fewer var1ables to control In
| add1t1on, in many cases, the locat1on of the complex pole- palr can eas1ly
.'be controlled Just by chang1ng some reSIStances which tune the: fllter in

- terms of center frequency mn and quallty factor Q. In fact most o¥>the BT

earlier work in this’ f1éld has taken th1s approach lnstead of reallz1ng
ithe complex transfer fugctlon as a whole | - _

The most serious problem is that of sens1t1vity. It is not un- -
'common to find second order f1lters to have a very h1gh coeff1c1ent
sens1t1v1ty of the denom1nator polynomlal Some are in the order of Q
.ltself or even Q In other words dne percent chanqe in component
values wh1ch may be due to component tolerances w1ll glve r1se to 100%
or even 10000% change 1n the coeff1c1ents for a glven Q of one hundred

3
The locat1on of poles w1ll be altered roughly by the same order

6
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reason’ fh/t makes the des1ga of a h1gh Q second -order filter: difficult.

T

. ne?at1ve va]ues of res1stance 1nductance and capac1tance genera11zed

'Temperaturé”effects due to environmental changés and aging will also

play an important role in slightly .varying the .characteristics of all
: r _ » }

the passive and active components . Thus, it is 1mpos51b1e to put such
h1gh1y sens1t1ve f11ters nnto pract1cal use. High sens1t1v1ty appears
often as. a result of hav1ng two' terms subtract1ng in the denom1nator
po]ynom1a1 In other wqrds, the result of subtract1on of two very

c]ose and large numbers 1s a very sens1t1ve one. It is. ma1n1y this
Varlous kinds of actxve dev1ce, such‘as contro]]ed sources,

1mm1ttance converters, gyrators, etc., have been used in the des1gn ‘
[45] [49] [50] [51] - A un1que kind-of Tow- ga1n amp]1f1er the vo]tage
and current un1ty ga1n ampl1f1ers (VUGA's and CUGA s) have become
popular as the act1ve element for synthes1s [9{ [£1031,032]1,033],
[34],[35] [36] [47] It has been found that the un1ty ga1n amplifier
is just as powerfu] as other commonly used act1ve dev1ces 1n many
respects.. A]though it is con51dered as an amp]1f1er, its 1§o1at1ng
property is much more 1mportant than 1ts amp]1fy1ng property " Some

of the many practlcal advantages for usxng such an element as the

1

act1ve deV1ce are SImp]e constructvon ]ow cost and h1gh frequency

,response | In add1t1on, us ing operat1onal ampl1f1ers, vo]tage un1ty’

ga1n ampllflers can be constructed with a hwgh]y stable ga1n

’

1 * EBy properly arranq1ng the adm1ttances at the output and in-
put of the unity galn ampl1f1ers and the var1ou§ amp;:;:er’sect1ons,

‘ several methods are, proposed to overcome the prob]em of sens1t1v1ty

| constructed accord1nq to\“,'

Experlmentally measured data from some hardware 1mp1ementat10ns

ry prove to be suitable for high Q

17



and very high Q requi?ements.

2.2 IDEAL HODELS OF GROUNbFD UNITY-GAIN A''PLIFIERS (GUGA'S)

'0ne can define}tWkainds of UGA's: the non-inVertfng-and
fnyerting'VUGAfs'and the CUGA Their idea] models are defined‘in’
Fig. (2.1)‘ Referring to‘fig (2 la), an ideal non- 1nvert1ng VUGA
1s shown as a vo]tage contro]]ed vo]tage source amp11f1er hav1ng
a gain (K) of unity w1th 1nf1n1te input 1mpedance and output ad~-

mittance. An ideal 1nvert1ng VUGA ‘as shown in Fig. (2. lb) d1fférs

only in the sign of the gain. F1gure (2 lc) def1nes an 1dea1 CUGA :

which 1s a current control]ed current source amp]1f1er with current
ga1n (12/11) of negat1ve un1ty and 1nf1n1te output 1mpedance and
1nput admittance. Note that ‘the : 1nput and output voltages of these

amp]1f1ers are at a common ground

The actua] devices ‘may dev1ate from the corresponding 1deal

.

_models by hav1ng finite 1nput and output 1mpedances and a ga1n

slightly d]fferent from un1ty Pract1ca1 UGA s have been built
successfu]]y [£32] [35] ,[37] [48] Aiternat1ve1y, ‘one may choose

a one- trans1stor arrangement in a common-collector (emwtter foilower),

‘ bootstrapp1nq fash1on for the non 1nvert1nq GVUGA [38] The
‘GCUGA can be bu1]t to good approx1mat10n by us1ng the superalpha

“Dar11ngton conf1gurat1on [391.

)

2.3 'ACTIVE RC FILTFR SYNTHFSIS = ~

R- C fllters us1ng GUGA S are reallzed by the followlng four

methods Calahan S [49§3£41] and . Horow1tz s [42],[43] optimal. decom-

\ : , : . : -{’.
B ‘

18
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position of a given po]ynom1a1, state—%a?1ab1e and coeffrégent-

matching techniques It is well known ﬁga; transfer funct1ons of |

transfer functions is d1§cussed, The f1rst order case be1ng obv1ous,

~is not treated.

2.3.1 Calahan RC—RL Decomposition

Consider the configuratibn in'Fig. (2.2)._ The. voltage transfer

function is given by | _ ‘ S ;j'
: ‘ | /
. : : ¥ atd
S o - ; . G
BRSO e N
v ——- . o
V D(P) (Y Yclvé)'*.“YD

i

 where'u K1é3g = K1K2K3Kg and P 1s the complex freauency
NETWORKA —  ry—

[_._.._ 1 o | .
N o .

Vi I |

[ B

S NP I ~ A

- | I i('

| S ,

| 1 | B

R | ‘ _ -

I S ¢ 1 '

- Figure (2.2) .Genera]»configurationffor Ca]ahanégﬁﬁRL decompdsition.
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'For an arbitrary poloromial Q(p) one can write

: N(P)/O(p)
- t - = ‘ . (2 2)
D(P)/Q(P) . ' ' . ey
To apply Calahan's technique for optimal decomposition of
the denominator polonom1al one must express D(p)/Q(p) as a sum of

drlvxng po1nt RC and RL admlttances If one takes
Y.=6,-1 and Y _ 6 =1,

D(P) 1 . . o B
=+ aYD ‘ ' . (2.3)
Q(p) YF - - : ' B B

-and the denomlnator has the requlred form

For the case of a second order system t has the form

, - N(p) ‘ N(P) o
- tV = — = o : , (2.4) >
L P2roepen, PPr2prl

.
S

where ¢ = dmnplng ratio (C < 1), and the natura] frequency w has
n

been nonmal1zed to un1ty. A conven1ent cho1ce for Q(p) that sat1sf1es

' Calahan s decomp051t1on requ1rements is

o(p) =P+, ., o (2.9)
S0 that |
N(p) N(7)
¢ - Pty } Prg
-t — = . : (2.6)
r + 2CP + 1 P gt —
< b+ L pa + e
" where - ‘ | o
- I e =
AD(P). _ : 1 - S
——=p+ g+ (2.7)

o Aol
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‘Comparingr(2.7) and (2.3), Yo and Y, can be specified as

Yy =pt+y= G + CDP R ) (2.8)
p+‘; ' _ v
Yo = =6, +Cr, prov1ded a=1.0 . . = (2.9)
1 - g2 - I o ’ )
: ‘@H
+ Using (é.8), (2.9) and (2.1)
g ) /
St - (2.10)
P2 + p(G, sf + GpS ) +‘r§PG S S+ (G G 5.3, /a) :
e
where = . \\ o 2
' \
) . : \\: \ :
=‘1/C = 1/R c \S,, = 1/€,.. and G = 1/R

f Ieyest1gat10n of the sen§1t1v1ty of -the denom1nator can be

"‘carr1ed out by means of the sé# 1t1v1ty matr1x L44], £451 . It re]ates

\/‘V"—“—‘

the nonma]1zed sens1t1v1§y/6? the coeff1c1ents b1’ b, to a]i the
norma11zed parameter var1at1ons 1n/the c1rcu1t The sens1t1v1ty '
matr1x 1s computed in the fo]]ow1ng One f1rst def1nes a row

"vector of all the normalized parameter var¢9t1ons as

() yoy(Mg (ME (M. (Mg (M), (M) (M) (n) (N (n)
AN x=4"""G A ‘SHA UGS GHA G0 | K. A | K. 4 vK A K

-

b- “ T - . 3 - - ' 3
In matrix form, one:can express the sens1thJty matrix as

R



of
L '
where
n)
o a(Mb,
"My , A("? X = transposerf alny,
o n . . . , r .
 A( )b2 . ‘
% 0 0o 0o 0 c 0
, . . . » v . .
Sbl’b2= 2 . » 2‘ . (2112)

: 2 2, 2
SRR ANLEERY I PV AN -z ) =(l-gT > (1=’ —(l—c )
.The norma]1zed Q. sens1t1v1ty, Sx » With respéct to any parameter

(variationvis defined by

W | o | | [
AQ - ab,  ab - ' | o T o
—=-2._1 . T (213
- Q 2b2v, by L . :
From (2.11) and (2.12) one obtains : B
. A | ) Y T :“ N : . . - M » ' . } - . ‘
A(D)Q'z SQA(n) X o o ‘ ) ' : ) ’
where
' ' £
2 02 a 2 2 g2
1-¢7 1-¢ I-¢7 - 1-¢- 1-z° 1-¢
$%=-5(1- n) 0. %(1( ) 0 - ) ) ) = )
L 2 2. .7 2 2 2 2

(2 14)

From (23&3) and (2 14) one can ‘see that all expressions for the sen- .

,s1t1v1t§§§oeff;ili?ts are lndependent of the element values, and Tow"

for high-Q valuesT’ Thus,h1gh—Q bandpass filters are real1zable. -

y

/

q -

23



The spread of element values is def1ned as the ratio of two elements

. of the same k1nd of extrema] va]ueske//%he spreads of res1stance (S )

R
= and capac1tance_(SC)_are found to be_
e ; S \{ . .
“;jg'v/'*- . SRJj/A/ .= 2Q (for high Q) , >
. Sc 2 1A-c?) =10 (for high Q)
.\ ‘ - » N - . . o ®
For-a given voltage transfer function,
A-“F&.z‘f";—°=\ s (epzl, 2 <1) '
e 1 p +2CP+1 r .
the bandpass f11ter 1s reallzed in F1g (2 3).. SynthESIS of other - /i:>
" types of- f11ter$'f01]ow the. same procedure w1th changes on]y in the
'Vﬁrea11zat1ons of Netﬁsri';—aswsummar1zed 1n the table With other 5
cho1ces of tg@'factor Q(P) different rea]12at1ons wou]d be. p0551b1e
: LR : ,
- ‘ _ o o o - _
e 4 D - ,RNVQ

RC' NETWORK A
r——- |
' Q!] |
N o———11 ,

. l_ v

A}

b o oy

-
| ' . RN .
. . - .
. : % : : '
[ . 3 T : o . s -~ ’ N
’ o7 i ; . . T . .
o ' . B : ~ . .
. .-;_ : - - o . M
: e . T L D . o .
N
N

-




TRANSFER FUNCTION |

L NETWORK A

- H"'P_"a)," -
pzf2§p+]

- )ﬂﬂ"?‘o)_

V1

Ry® Q/H(g+ )

. %’ P *2§p+]v‘ |

P

Cs\ﬁ(3+l/gﬁ

. .

N

/-

—

Ra=C/H

. Table (2.1) Realizing various YélA

25
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12.3.2 §yntﬁesis of HorowitZ;RC-NIC‘Decompositidn

If sen51t1v1ty requlrement is not severe, a conflgurat1on

o
w1th bas1ca11y only two GUGA's 1s found su1tab1e for rea11zrhg fil- he
* »ters with appkcation of Horow1tzARC-NIC minimum-sensitivity decom-
pdsition of the denqmisiﬁbr polynomial. |
QP’  _ Consader the conf1gurat1on in F1q (2:4). Straightforward. -
anaTYETs\y1e1ds L S oo “, | b
.‘_q.'i, v 4. - » ‘ ‘ - }
. V. N(p) K, Y, ‘ . . .
ty -2 _ . - ’ 12 214 ; ’ | . (2-15)_
Vi B(P) T Y- KoY, 4 ' .
. .. , e
—Y
NETWORK A RN s 15 o
e N T S «
- S A - - ‘
1 §| S )
\/].b* -+ t — E;T:;i‘_ :.A’E
I | K K 2 |
q . C .
0 | _ &
& I - : « »
1 !
|- -4 _ ‘
L_—2d —4

o,

- Figufe (2.4) General conflquratlocxfpr Horow1tz RC- NIC deCompOSItion

- -where _

Kio = KKy s

26
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_ Again makingva simple choice for Q(p) let:

| Qp) =P+ (1< 0) o e .

such tha;_ R o - Av '&“\\\
. NEYalr) R |
Vom0

Accordlng to Horowitz for the second order case, mi nmum sens1t1v1ty
“will resu]t if D(P)/Q(P) is expressed as the d1fference of two RC’

dr1v1ng*p01nt adm1ttances ' Thus for the Q(p) se]ected
o o
Y= + C [ Y — ;
c= bt lP Y, |
- LTS |
Equation (2.15) becomes . -

_ft'-‘ “ K12Y2IA P +'6Sp) B o
VP24 PGSy f 6uSp - Ky4GpS,) + 606,55, S

where
= 1/C » QX =11/RX » X=0C , D .

To realize a given voltage transfer function of the form

vy N(p,v’- Ny L ON(P)




>§’;’~R\By Horowitz's theory, with Q(P) =P+ 1 =p+ 4 Pp+1,
. : ¥ :

n
N(P) N(P)
tV_=‘ : - = - (2.16)
P2+ 2tp+ 1 2(1 -¢g)p . /
p+1 — (p+1) - — T
P+l
| where -
S - e
5 e —
arp) - P+ 1
R '
Comparing (2.15) and (2.16) .,
' _ 201 - ) I L ( .lﬂ)“
Y.=P+1, ¥ = — | 2.17
SO b, p+1 . | -
where ‘the ‘nominal va]he of F;? = 1.0 is assumed. .

From (2.17) one has
. *9,

Gc=1.0, Co=1.0, G =2(1-/2); C =2(1-2¢) .
e ¢ - _ p =l

The norma]ized;sensitivity_matrix is computed as,

14201 1 o142y -{15¢) -(1-7)]
b1 ,b2 2t 2¢?2r Zg T T

28
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. where
ny . ’n‘ v_
(n)x _IA(N)G A(")S A(n)G ( )SC ( )K‘1 A( )KQ,
Theumaximumsenéitivity coeffﬁéient is ¢ ::-*‘.. N
max |5,01:02) IS »,Ql “ U = 20 (for highf_Q) . )
S.hTherefore the conf1gurat1on yields much h1gher sens1t1v1ty when com- _
“ [ 4
pared to the prev1ous one.‘ Consequent]y, f11ters SO des1gned are ,
‘su1tab1e for moderate or low. Q va]ues The Q sens1t1v1ty can be read11y
obtained by us1ng (2 9) Spread of resistance and capac1tance‘1s 10w
SR‘- c 2(1 —;) A general conflgurat1on is shown i~ Fig. (2. 5) rel T ‘i
o ‘ RD-I/Z(I g)
NETWORK A LI - R
V 2 ‘=——-] D 2(] g) fﬁﬁ
e . CIL R.=1 o
il ST R
L__J —

Figureﬂ(Z.S)I”Genera]‘fiTtérf;ea]ization?by'Horoyitg Rﬁrhitfdecshposition.;

2 3.3 Synthesxs 0f RC Ftlters By State Varlab]e Techn1que'

State varlable techn1que has proven very effectlve for reallzwng

" ™

. low-sensiz 1v1ty f1]te‘ using operatwonal amp]1f1ers [6] The ma1n,1dea;f-



........

lies in the fact that real1zat10n of vo]tage transfer funct1ons by

-~

this techn1que y1e]ds coeff1c1ents (b1’ b. ) contaInlng only product

" (or d1v1s1on) express1ons of«parameters concerned Thus. the sensitivity
\ coeff1c1ent is e1ther + 1 0 or zero [(45]. This method is easily appli-

v cable and genera] in’ nature Dev1ces that perform the tw0'bésic func-

,30

tions necessary in state var1able technique are shown in Figs. (2. 6) and

P

(2.7). Referrlng to Flg (2.6), | Rty

N GF
V, G
V2 | C;2{

'_'II-

Flgure (2 6) A sunnlng dev%eh

Avsummlng device 1s~formed wit ga1ns 1ndependent1y adJusted by various

“admi ttances. Flgure (2.7) 1nd1cates a pure 1ntegrator '

V2= |
VX#\R1CF?




exne

(]

J1
LB |
(@
-

« -
.

Figure (2.7) An integrati gldevicé;<
- The two functions can be comb1ned as shown in the conf1gurat1on of
Fig™ (2.8). The various types of fllters at different locations of

FiQ. (2.8). can be computed as

Vg Ry P
V; Ry URKK R,
. 1 234 4 ]
(P2 4 t - - Ko3usg )
 RoRsCy RyRgRGC,C,

4
FERAP)

-which is a high-pass vditage"transfer function;

L S o
pv{'f VB _. ‘Ru . _  » ) ngqp . _
V;  RyRcC R Ry | .
1 ReRsly Ry y
(P2 +p Kogy + == Ky3466 )
RoR5C4 R3RsReC1Co .
, A L

o
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which is a bandpass voltage trapsfer functioh;

3

Ve o Ry v  Koluse

Vi RyReRgC4Cy ) Ry Ry Kyause
N R Koay +

which is a low-pass voltage transfer function;

) Ry ' Kg3u ‘ _. 87 K23L&567
N § —)
Vo RyRyg ‘. RsRaly Kq RsReRqC1Cr  Kg
L—F — 89 - : -
Vi RiR, ] Ry~ - R, |
| (P2 ep Kogust ————~ Kogusg )

| which'is.an a}]-pass vo]fage transfer funqtion.. } |
" The honﬁa]izéd sensitiVity‘matriX*of'coefficients (bys b,) of the
'denoﬁinatdr:can be gjvén by'inSpe;tion‘as o |
_ , \

| ~lo-1 01-1 00000-1 0011100000
sb1s b2 - B | R |
|00 -11-1-10000-1-1011t1.1000]

and the Q-sensitivity is

s?=01 -y RUETIN 0000 -0 ;g_-g’;g L L 000
] u S s ]

i
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|

where : ' . ,

s (Mx = 2t b

- e

M, (M~ (). () (n),
A‘ R10 A Cl A C2 A ‘ Kl . _K

A1l sens1t1v1ty coeff1c1ents are 1ndependent of Q and e]ement values.

A'Sens1t1v1ty can be further reduced by properly arranglng the tempera-

ture coeff1c1ents of all act1ve and pass1ve elements as 1nd1cated by
the abové' two matrices. As it is shown 1n F1g (2. 8), in order to
rea]ize a high-Q bandpass f1]ter,.six active UGA's . SiX resistors and

on]y two capac1t0rs aresu§ed.‘ Usua]]y, in 1ntegrated c1rcu1ts, capa-

v

»'c1tors are ‘the more critical e]ements compared to trans1stors and

5§@§1stors ' Bes1des one can get r1d of amp11f1ers K K K9 prov1ded

Ry5 Rﬁf g > 1/C1p, R3 >> 1/C2p and R >3 R 1n the frequency range

3

~ of interest. ' Element values can be conveniently chosen to satisfy

i : b1= 2c = - . and b—; = ='1.0 e -

Hence, res1stors can be used advantageous]y to tune each - sect1on and ‘the .

' spread of res1stance and capac1tance is low Somet1mes, 1n order to

account for b1a51ng res1stance at the output of each GCUGA, it is
conven1ent to rea]1ze the filter by blocks of transfer functions of
l/(p + ) (H > 0) types instead of those of pure 1nteqrators, 1/P;
Th1s is eas1]y done for the case of low pass filters. However, in
view of Fig. (2. 9), the pure 1ntegrator can be rep1aced by one wlth
transfer function of 1/(p + w) as lllustrated in the follow1ng

- ey



Let Yo =G', Yy =G, Yo = G + Cp ; the above equationAthen becomes

v, i G' | - ' |

v, & | " : /
. o \ ' !

Any finite output‘impedance'of the GCUGA and finite,inbut impedance- B

of the following GVUGA can also be easily absbrbed into Yo in Fig. (2.9).

| - 1Y% |
\/1‘_‘~ . "? o , ' R E \/2 |
il
—

!

.Figure (2}9) Configuration to account for biasing resistance.

*2.3.4 Synthesis Of RC Active Filters By Coefficient-Matching Technique
Consider the configuration shown in Fig. (2.10). Analysis gives

s
n

(2.18)
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Yo -
v | . e v
o——Yat— —Ye — % —e
K] ' . K2 B\ ' o f3
‘Yt . 1 F
O
_.._._ 9]
Figure (2.10) Coryufiguration‘_re‘a]izi‘n'g filters by coefficient- )_
matcﬁgng technique. ‘ -
. , ) » . .. - . M . » G‘
. Let ,YD = CDP s 'YF~ = C,.P . _YF = GF . YG&‘{é;C' . Equat1on-'(2.18)
then becomes < : o | T o
: . . I EN
: v : G_S G,G,S-S..
1- P2+ p D, C-‘FD.:;v
’ K1?9 , K123
The normalzied sensitivity is given by ingpection as T ¥

Sbl,”bQF; 0 0‘ 1 1 ’Q sl -1 -1

0 1 1.1 1 -1 -1 -1

R
B : S J

o
[N
N
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A\

~ where -

o

M)y (n) (n) (n) (n) (Mo (n) (n)yl +(n) \ .
A X = Al QA A Gc A GF & ”§D A ‘S‘r A K1 Iy Ké A K3 .. N
L : ol
. ‘ \ , e

Aga1n, sens1t1v1ty coeff1c1ents are-all 1ndependent of Q and e]ement

values. If we “assume Y

_G;, a bandpass filter results. Its element

vaTues are given by G S

bl,'GASD = H, GCST-= 1/b, . Spread of
res1stance and capac1tance is low, Sp -'SC = 0. _If the resistors
‘and capac1tors are rep]aced by each -other, a new bandpass filter is ob-

'

tained. Choos1ng Y CA;>wou1d 1ead to a h1qh -pass realization.

E]ement va]ues are g1ven as before except C S = H. If one chooses
YA = GA? Yp'= G?; YD = GDf YC,— Cf}’_.p'z CFp, one has .
- ‘ V - - — _ 2 . .
VI p° 4+ FGPSC‘+ K123GhG S S
P s o oy
A low-pass filter is rea11zed with element values determined by G S b1’
68 = 1/, 6 G, svs . Aga1n max S, b1, b2y . 0, 5 = S, R Q;[i “

Hence a h1gh qua11ty bandpass f11ter is rea11zab1e by this method w1th

'{only three active UGA' s, two capac1tors three re515tors, and the spread
of e]ement va]ues is reasonab]y low A]ternat1vely, if one gets r1d

of amp11f1er K and lnserts .an 1nvert1nq GVUGA betwegp Yp and Y- in
1F1g (2.10), one has correspond1nqu para]]e] results for al] three
k1nds of f1]ters However, in thlS case one more GVUGA is needed

- at: the output tenn1na1 for- 1so]at1on purposes 1f cascad1ng of severa]

sect1ons is des1red

:\' . N -
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2.4 SYNEHPSIS OF "ROUNDI'D DRIVfN?QPéIN;\nDHITTANCF;FUNCYTONS

By a simple and basic conf1guratunLone can relate the synthesls

of a grounded dr1v1ng po1nt admi ttance to that of a voltage transfer

—fhnct1on Since any voltage transfer funct1on of a ratio of real-

rat1ona] polynom1a]s can be réaIIZed w1th h1gh accuracy by us1ng s’ -

var1ab1e techn1ques as illustrated prev10usly, any qrounded dr1v1ng-
po1nt adn1ttance of the same nature is read1 -obtained. Consider the

conf1gurat1on as - shown in Fig. (2.11)'[9], [10]1. The input admittance

is given by Yin = 11/v1 =.Y(1 - tv);' : ) - (2_19)
VI'-»" -
.Y .
\(un‘-—;ai;

=

N

S
v

F1gure (2 11) Synthe51s of grounded ﬁr1v1ng point admlttance from

t (t V/V)

Therefore, for any spec1f1ed Y in one has only to reallze the corres-

g pond1ng t by assum1ng a. conven1ent Y The restr1ct1on “in H1]bennan s

b'
case [%O] that the UGA 3 must not be grounded is. relaxed here as shoun

in Fig. (2.11). (Only one kind of UGA's, the non-inverting VUGA, is

used in h1s case.) Furthennore, 1n order to realize the dr1v1ng point

adm1ttance of a ratlo of real- rat1onal po]ynom1als by his. method one

ortre”

Ve
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it

has to real1ze the' voltage transfer function as a ratio of two dr1v1ng-
p01nt adm1ttances first, t Y /Y". ElO] whefb Y' and Y" are rea11zed
respect1vely by a sum of paral]e] connested dr1v1ng po1nt adm1ttances,
_and then to go through the" procedure in Fig. (2. 11) v1z Y; -Y(] - tV)
Th1s ‘obviously requ1res an excessive number of both actlve and passive
'j elements. An examn]e will demonstrate the s1mpl1c1ty and ease of
‘ app1y1ng the state variable techn1que to rea11ze a grounded dr1v1ng-'
point admttance as the fo]]owmg | ' L ,
_ Suppose one is given for rea11zatxon Yo o= (4p2 - 5)/(4p? -3).
For conven1ence let Y 1.0. From (2. 19) =V /V ’.2/(4P2'{ 3). .

The requlred Yi is rea11zed in Flg (2 12)

_Figure (2.12) Realization of Vo= (47 - 5)/(8p° - 3) by t, = 2/(452 - 3),
and Y = 1. AR | ' ' ' R

5

2 4. l Rea]1z1ngﬁA Grounded Inductante

This has been treated us1ng UGA"s 91, [46] Simuiation of a

~ grounded inductance in this dissertation.is'a specia] taseLof_the’method- :



ljust discussed. Consider the conf1gurat1on shown in F1g (2. 13) .The

' lnput admlttance is ca]cu]ated as

S
Y. - (_1_ KyseRs ) + Ki23usR3
mn R R,R:  C,R,R,R.P
uls 1M1"20s
2
Vi .
.— &
v ‘vin
|

Figure (2.13) Simulation ef a grounded inductance. L

]

which gives the admittance function of a pure inductor when the real

is

. term is set to vanish. In otl or words, the clement values must satlsfy

g :Ra , R: /(C1R1R2R ) = 1/L (i 1e51red va]ue in henrys), then Y

=f1/LP. Senswtlvlty ana1y51s 3 1cates that in order to have accurate '
. resu1tS‘ R should be made as large~as possxb]e It 1s‘therefore.va
| question of a compromlse between accuracy of the simulated. 1nductance
~ and Spread of e]ement values or a matter of high- frequency accuracy‘, N
aga1nst the anZe of:. 1nductance des1red (the hlgher the 1nductance,‘ |

’the more critical the realization would be in terms of frequency

~
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response and spread of element values).

2.4.2 Realizing Grounded One-Port Negative R-L-C

The circuit shown in Flg (2 14) has the dr1v1ng po1nt adm1ttance

Y ,
of Y. = --—liY (2. 20) where Yo=Y+ Y,
in ; :
Yy
‘ \8 Y | I
[ Yi—
| B
Yi n

Figure (2.14) Simulatidn'of grounded one-port negative R-L—C,~'

,Equatlon (2. 20)\\hd1catés that from Fig. (2.14) one can rea11ze grounded

one-port negattve values of R- L c by pr0perly arrang1ng var10us adm1ttances

1 L
concerned. If one chooses Yp ¥ = 1. O then Yin = - — and Y4 L+ Yy L
Yg o ‘“h%*«-ﬂ S

: ;furthennore. ]ettlng Y GB' one then has a negatlve resistance at tﬁe

input‘ Rinhz" G, ‘where Y =1+ QH, Yo = Y =1.0.

B A. : 0 ‘A
.If one chooses Y; = Y. Y =CP, then Y; = whi Y, = 2V .
. _ : . " N % . .
Similarly, supposing Y(:= Y =1.0 and YB-= CgP; one has a negative in-
v : 1. N 3
ductance given by Y. = - where Y =1+Cp.
_ ‘ SR CP a.. 8

3
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:  2.5 SYNTHESIS OF THF SECOND-ORDER:BAND-PASS FILTER .FRO:! A PASSIVE
- CONFIGURATION
w1th reference to the passive conf1gurat10n in F1g (2 15), one
has for the vo]tage transfer funct1on |
AL S R e
V].n - P° + P/CyRy + l/CXLX :
Equation (2~21) 1s “the transfer funct1on of a. second order Butterworth,
'~ band- pass filter wh1ch w111 be rea]1zed by 1nductor1ess des1gn
Vin .
, -
8.
’F1gure (2 15) A passfrel Bﬁtterworth' second-order "band-pass filter.
WOne can first s1mulate the parallel connected pa1r LX ard ~ by using
o 7
.UGA s.as shown in F1g (2 16)
e LE 'TL
- e —'

"‘Figure (2.16) Simulation of L and C_ in parallel. ..
s rrgun 1 OT Ly and Ly 0 paral L

42
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' Figure (2.16) yields -
) | A R A | ERARA
LV S _ : S FAELE
’ —~ = K123us =2 ang Vin =2 =V + Kipays — - (2. 22)
Y oo Ty i,
\ Choosing, Y, =5C2p, Yu,éucup;"AY5’=fC5p, Yi 5:61, gYé,;fG3, 
-equation (2.22) becomes ;. - li . -
' 06,6 |
_ B i e
Yin =GP Kizaus‘c c
which is'the admittance‘of'a pdra]lel'koﬁbihation'df an inductor. and
a capaé?for. " One can,'thereforé;.éssigh |
C,C, e
2%y
L. = e — & o C,=C
X : X Ty
. K123u5 Cs6, G :
To’complete‘the'design és shqwn ianig (2.17), oné’céhftaké the éig--
nal right after the f1rst amp11f1er (K, ) as the actua] output of the

filter for the purpose of cascading with the fo]low1ng sectlons

- Figure_(2,17) An activeisecondiordng_Buttéfworth_ band-paSs'filggr.
o , N

s

‘4?..“
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From Fig. (2.17), the voltage transfer function is given as

| .'vout | . K Piéégi\

Vin p? + p/c R+ Kn/m 6,6,/C,C,

(2.23)

' Equat1on (2.23) 1nd1cates that th1s circuit has a low—sens1t1v1ty result

"as the norma11zed coeff1c1ent sen51t1v1t1es of the denominator poly-

L 3

nom1a]fw.th respect to all the pass1ve elements and ga1ns of amplifiers

are un1ty in abso]ute value. Letting C =C, C G = 3 = 1. 0

fOR = Q,_one has for the spread of element values S 1, S =Q.

wh1ch are as low as those by ‘the state varlable des1gn 1n (2 24) Thus,

h1gh Q rea]1zat10n 1s poss1b]e. The center frequency and qual1ty factor

. are also 1ndependently adJustable

Comparlng with the method of de519n us1ng Calahan's opt1mal

‘-decompos1t10h of the denom1nator po]ynom1al in Sect1on (2.3. 1) one has,-

in this c?;é to use one more un1ty ga1n ampllfler but the advantages

'are: smaller S the p0351b111ty of 1ndependent adJustment of Q and ©, .

a_and no cance]]at1on of the unwanted zero. Also, in Fig. (2. 17) the s1g _ﬁ;}

nal afier amp]1f1er (K ) has a low- pass frequency character1st1c
2.6 ”XPTRI’FNTAL CIRCUITS FOR SYNTH?SIZINP S‘COND—ORD’R BAND PWSS FILTTRu
o Of a]l the methods proposed SO far using only UGA' s ‘the state-

varlable technlque is chosen to be 1mplemented in pract1ce Better ex- .

"hper1menta1 results are measured on c1rcu1ts deSIgned via the method of

Sectlon (2 5) by us1ng the CUGA and operatlonal ampIIflers ln comblnat1on

3
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2.6.1d,Transist0r Cir@%itry Using State-Variable Technique o

Figure (2. 18) shows a comp]ete schemat1c diagram of a second order,
Buttenuorth band- -pass, active f11ter des1gned aCCOFdlng to the ,
state-varlable technique o using d1screte components only. It rea1iée5'

a band <pass f11ter w1th a Q of 30 at a centre. frequency of wy 105rad/sec
(f 4 = .15.9 KHz ). The fact that both pos1t1ve and negative supply voltages
of ;1tteen volts are used and the way the circuit 15 laid out enab]es
d1rect-coup]1ng between successive stages. Res1stors are of + 5%, capac1tors
'i 10% to]erances D. C. b1as1ng vo]tages as actual]y measured are 1nd1cated
as numbers w1th1n parentheses 1n the d1agram The f1rst stage con51st1ng of 1
tranSIStors Q1, Q2, and Q3 is a convent1ona] design for a. s1mp1e operat1ona]

ampl1f1er circuit. The second (Q4, Q5, Q6, Q7) and third (08, Q9, Q10,

Qll) stages are the‘current un1ty ga1n amplifiers and buffers. . Transistor'

| 04 1s bas1ca11yqé§ba common-base configuration w1th high input and low

) output adm1ttances -Q9 and QS are constant current sources. Res1stors

5. 8K, 15K 6.8K serve as a vo]tage divider to supp]y proper bias voltages
for P4 and Q5. Q6 and Q7 are Pcrely buffers An arrangement 11ke thlS .,
1s bas1ca11y D. C. open-loop unstab]e However due to the negative 4 ¥
feedback character1st1c of the c]osed loop response th1s c1rcu1t as a
whole 15 D. C stab]e To adJust for proper b1as1ng vo]tages, one can
close the 1nner loop-f1rst and vary Rb to y1eld a zero D -C. vo]tage at
VB then adJust Rbb for zero output at Q11 when the outer loop is a]so
closed In the A C. case, tunlng is a]so quite 51mp]e N1th»the com-

'ponent values as chosen, ‘R is adJusted for an exact resonant frequenCy

- of “o'f 105 rad/sec;' ken, R2 is adJusted to g1ve Q = 30 as desired.

o
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. N

The gain at resanance can be varied by. chang1ng R Exper1menta]

| measurement of frequency response 1s g1ven in Fig. (2 19) a.aAF1g (2 20)

7.
and compared with the theorey4éal case. ‘They arg shown to D€ very c]ose

.Harmon1c distortions at some typ1ca1 frequencies are measured and ta-
, ¥
bulated in Append1x A.

The“abi1ity of the above cirtuit to resonate at a higher fkequency

w1th a niuch h1gher Q can be demonstrated by the next exper1ment The -

-

. objectives are Q = 200 and f = 200 K]iz_.dThe circuit is the same7as tneb

’sone in ng (2. 18) except the fo]]ow1ng c“anges R

)

430 K +710 K (pot),

C

1
R, = 200 K + 100 K (pot), R, =2 K + 10 K (pot), R, =2 K, C =300 pf,
5 = 200 pf.valso,nit is*found experimentally;that a very small capacitor

of 5 pf (10%) must be added in parallel with R X Adjustments are the‘
same as tefore both in D. C and A. C. cages Tﬁe exper1menta1 result
s measured to be c]ose to the theoret1ca] one as given in Flg (2.21)
and (2.22), Averaging over s1x'measurements g1ves:Q f,200.27@ fd =
200.041 K Hz' Errons.are 0.14% and O.ﬁZ%‘respecttve)y.'_Thexresonant
frequencyeis found cxperimentally to go up asvhteh as around_4dO KHz
band tneemaximum Q around one thousand. However, due to reasonsvwnieh‘
will be discussed later, practicalﬁstable'Q-va]ues dre es@imated,to be‘"

limited to no more thanbseverai hundred.

‘ 42 6. 2 Exper1mental Second- Order Band Pass F11ter §ynthes1s Us1ng A,»
"CUGA and . Rlordan s Gyrator

J.y

-~ The Riordan‘s gyrator t4] has been used by Orchard and. Sheahan
211 for rea]izing floating inductors in their active. fiTter design

In the same paper, this c1rcu1t has also been thorough]y analyzed w1th

.,reference to sen51t1::f¥/and no1se : T
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The circuit as d1scussed in Section (2.6. 1) is capable of hav1ng

Q values of no ‘more thim a few - The reason for th]S is that

» 1f1er ga'ns/ﬁn the laxt,;;eff1c1ent of the

denom1mator polynomial of {he voltag fransfer nction the nonna11zed

due to the appearance of amj

sens1t1v1ty of V t/V. a resouance is. equal’ to Q, i.e.

in
o ‘_’out/vin(P= J
s,

' 4 _
: Usua]]y the gains of curr¢gnt ampHfiers are more temperature dependent _' .

than other factors resu]t of var1at1ons 1n s of trans1stors. These,

ifis, for examp]e K KQ, K3, Ku,.Kr in equat10n (2. 23) Al—
. N 9
0, the resu]t1nq output wave- fonn as observed on the

= 1.
L’F
i

— One way to get around this prob]em is to synthesize the filter so that
the ga1ns of the CUGA s do not appear 1n the last coefficient of the
ﬁbnﬁ%@nator po]ynom1a], ¥ e they are not 1nc1uded in the feedback

| ﬁ;%'p' In other words one should arrange that the ga1ns appear on]y as

‘H;‘(

/-
a mﬁ1t1p1y1ng factor‘of the whole trangfer funct1on in the fo]]ow1ng way.
o Con51der Fig. (2. 23) ' '

‘ o F "~ - l = ’ "‘a.
- N - bl . .

Figure (2.23) Very high-Q band-pass filter. -
» ' K Yoo . . . o .

s . ‘ v

W
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(s

Straight-forward‘analysjs'yﬁeldg

Kp/C,Rip -

"oTout’Vin T 2 s

D P* + P/CyR, fvl/LXCX R

Note that the ga1n of current amp11f1er, K, appears as a mu]twplylng
'factor only. There are three ways -to s1mu1ate the para]le] comb1nat1on»
of LX, CX, R by uswnq two operational amp11f1ers as shown 1n F1g (2. 24)
: F1g (2. 24c) uses most passive e]ements among the three yet 1t has the

£,
des1red advantages that the spread of . capac1tor values is un1ty and that

Wy s Q of the’ resu1t1ng ffiter are 1ndependent]y adJustable The comp]ete
"schemat1c diagram is shown in Fig. (2.25). | B ks

: ]he;construction of theatUGA‘is different from the preVious.one.
Since it is used‘only in‘an openAIoop fashion one more transistor‘QX

is added to stabtlze the c1rcu1t D. C. wlse by negatlve feedback In l‘
tuning this c1rcu1t 0. .; voltage of the output of second operatxona]

- ampllfler cén be set to zero by ad3ust1ng Rb A. C. w1se one can set
LR for- an approxlmate va]ue of Q; then, R5 is adJusted for exact “o’
‘_flnally, exact Q can be obtalned by vary1nq R For actual expeerent‘
the obJectlves\are Q= 500, wy 104 rad/sec. U51ng a decade res1stance
box, R is found fo be 228 KL Results are p]otted in F1g (2.26)," (2 27)
Flnally, by adJust1ng R a]one ‘to get very high Q va]ues at the same -

resonant frequency, a stable wave- fonn is observed at a Q of about four

- [N
. thousand No other attempt is made to try even h1gher va]ues of Q ’



N
o

Chang1ng the power supp]y voltages by as much ‘as + 50% does not affect

the perfonmance 51gn1f1cantT"‘ Other measured data are g1ven in Append1x

,B.

v

. Figure (2.283)” Simulation of L&' Cys Pys Sp = S, = Q.

}Figure (2:24c) Riordan's qykatbr to simuiate Ly Sp = 1,5 =0,
- L =G C/G 6.G | |

-

Figure (2. 24b) ‘Simulation of L, and R 3 S =40Q, S_ = Q

»

1.3 °5
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CHAPTER' ITI

/‘— .

- , : <

HIGH ORDER INDUCTORLESS FILTERS SYNTHESIZED 8Y NEGATIVE IMMITTANCE :

B.1 .BA_CXG}.?‘OUND e '_ o

| Most of the design methods ava1]ab]e in the field of active
filter synthe51s are based on the approach of rea1121ng second order s h
comp]ex pole pa1rs To realize ‘a high- order f1]ter such sections
‘would be connected in cascade It is proved by Holt and Lee {281 v'_.
that the c1rcuit derived by direct synthesis of doub]y terminated-
L C fwlters has 1ess sen51t1v1ty than that by cS‘EEﬂTng synthes1s

On the other hand the former method w1]] normal]y require more

passWe and a&tive ;

s )

structure of h1gh order transfer functions. - .

In an attempt’to rea]1ze a h1gh order transfer funct1on
‘dlrect1y, one: natura]]y starts from the pass1ve R-L-C conf1qurat1on
chosen to meet a]] the necessary requ1rements of the de51gn Conven—
t1ona1 methods of filter des1qn are well deve]oped and are usually.
arranged in a conven1ent manner for the des1gners. A]] the necessary
data 1nc]ud1ng the flnal reallzatlon conf1guratlon and component values
are generally well’ docunented in nunerous reference books such as [52]
'- [57] Ongﬁof ‘the most complete is "Handbook of Fllter Synthes1s“ by
Zverev [52]. ' |

L G1ven such a passive R- L Cfilter conf1gurat1on the flnal
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) ; ,
',inductorless .realization can be achievzﬁfby s1mu1at1ng all the
, 1nductors in the pa551ve de51gn by R-C and actlve components Orchard
- and Sheahan [21] introduced two methods by wh1ch a h1gh-ordér band-
‘pass passive configuration can be rearranged to contain grounded
Z1nductors_ and negative capac1tors, or , by means of impedance )
‘t%dﬁsfonnations; to contain 1 - sections of inductors. - Twol.. |
gyrator c1rcu1ts by R1ordan were connected back-to-back throuqh a ! d
':network of res1stors to simulate 'a ¢ of 1nductors These two methods
depended on an approx1mat1on procedure and subtractlon of component
‘values. The number of active devices used ‘was .no fewer than the order
< of funct10ns “A novel method is presented in the fo]]ow1ng by wh1ch
:h1gh order f11ters can be rea]1zed w1th fewer active components

3.2 SIWLATION OF TH? E’IOATIN" 1mpuCTO”: fsr'r}rv't‘

| Amonq the various k1nds of act1ve devices, the negat1ve im-

]
m1ttance inverter (NIV) is’ found useful in rea1121nq the floating

w

f1nductor A NIV is def1ned .as an ac*1ve component wh1ch has the

e
. fol]owlﬁg two- port open c1rcu1t 1mpedance parameters :
VA "='Ze, =0 , 7. =1_=1+K (where K is a constant).

12 21
. The types of NIV's used-in this work are the reciprocal, resistjye

; two-port networks as i]lustratedfin'Fjgure-(3.1).

G .6 . ‘ ’ G
JRER S -6
N ‘ i ‘ N . 8 !
| I °

‘"Figure_(3,1). Two reciprocal, resistive'NIV'netwbrksJ

b
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With a 1oad of Y connected to one port the other port sees an 1nput

S IR T

.adm1ttance of 1ts negat1ve rec1proca] mU]tTP]IGd by the facth G~- e

i A

_ name]y, Y1n G2/Y . Thus, by- cascadlng two sections of such “.f, e

networks and a negative capac1tor together one can 51mu}ﬂte aéf]o§t1nq ,' ;

inductor with a s]1ght mod1f1cat1on TR ‘,.”" et *”‘¢4”f§ L

AT

o

The NIV's in F1g (3. 1) are represented by some 51Mp1er two- g

port notations as glven in F1g (3 2) where J =-G_. fi*‘

v,

Gx Gy

.. \ .
Figure (3.2) A simplerhhotation for NIV.~!
4 '
. L . .
The Y matrix der1ved from the circuit 1n F1gure (3 3) is g1vep
’ . : ..;’ 2 \‘- :
- J12 -J JQ' ' - e
: v, v
Y = o ‘ (3.1)
= J9dy : J'J22 ; . .
I IS L
‘ './ ’ i @ .
Saa
. C)
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RN . ) . [/

| FqurQS(B.B) Cascading two NIV's.

‘ On fhe other hand cascad1nq an adm1ttance Y and an inverse- polar1ty

LS

1dea1 transfonner w1th turns rat1o N as g1ven in Flg (3 4) has the

N

ffollow1ng Y matr1x

'.”', oy

e

61
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By makfng YX = - J-?/Yyl andu N J /J the two matr1ces can be
made identical. In othervwords, the c1rcu1ts 1n F1g (3. 3) and’ F1g
(3 4) are equivalent two port networks In part1cu1ar a floatfhg
1nductor of Yy 1/LXP and an 1dea1 transformer w1th proper turns-
rat10 is rea11zed by putt1ng a negat1ve capac1tor of Y =’- C yP
_between two NIV S. The s1mulated f]oat1ng 1nductance 4s g1ven bj

Ly = Cy/6,° 'i' | ’f o -i‘f

o _ S . :
3.3 'REALIZING HIGH-ORDFR TRAh’SF,"“'x“;§FUﬁC;IZ’IONS BY NIV'S |
o Nth—order pd]ynomial ]ow—paes fi]terS-rea1ized by conventional

technlque with R- L C e]ements ‘can be represented by the conf1gurat1on

'1n F1gure (3 5) [52] L k . i;ff“ﬁ

n“even - - n odd

- The f]oatinjﬂi in Fig. (3.5) are to be repiaced by using NIV‘S,

‘negative. pac1tors and ideal transfonners in accordance with the “fol-

! ]ow1ng method . The fourpcarcu1ts in Fig. (3.6) arevall equivalent two-

port networks

62
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P

_%

N

1
\AAS

] @
‘ ] 5. .
(c) YV: - ;\/Y‘
S ‘ . Yy L
v i Co @ : <‘>Vl - J‘_ 1 2 - NZYRY .
] ' ‘ ((j)

-

Figure (3.6a, b:’c, d ) Four equivalent two-port'networks{

r

oL

Network (a) is transformed into (b) by “inserting two inverse-polarity
idea]-tfansformers in éascade.' The dotted portion of '(b) is rep]éced'

by the'NIV's:and a grounded Vybin (c). The second ideal transformer is



abéorbed'into the remaining admittance Y, by proper adwittance scaling.

At this'point, it should be poihted out that vo1tages 1 currents
associated with ;he’remaihing’network NQYR‘ have change polarity once.

The same process can be applied to N2YR and ifs remainind one repea-

téd\y until all the floating admittances are replaced by their grounded
negati&efreciproca]s. In particular, f]oatinq.inductors Ll,AL3, etc.,

in Fid. (3.5) are replaced byhreSistive NIV's and grounded negative ca- °
-pac{tors. The resu1t1ng output voltage changes 51gn on]y when there is

an odd number of floating inductors 1n the original pass1ve conf1gurat1on
For convenience, it is simpler to assume the J% on each sect1on, Ji’
23 etc., to'bé identica]' i. e., the same pos1t1ve and negat1ve .' ]
ﬂres1stance values are used for the two NIV's in the act1ve realization. /

J

f

Or, in other words, a]] 1dea] £>\psformers have unity turns rat1o Thus /

i
!

a polynom1al Tow- pass f11ter of arb1trary order can be rea11zed by means

of resistive NIV s* “and negat1ve grounded capac1tors

o

3.3.1 Rea]iiing The Negativé Resistance In The NIV Berperétional
~ Amplifier c | -
The negativé grounded resistances dn, the NfV can be realized by

us1ng operatlona] amp11f1ers as given in Fig. (3,7) where Y; = - GiGé/GQ..

‘“1?‘ T

Figure (3.7) An operétional-amplifier circuit'éo s1mu§ p a negative

grounded resistance. : N 1



~ Fig. (3.7) is input'conditional stabTe. Depending on'the choice of

ma1n1ng filter c1rcu1t and se

Usually one can assign G, ='G? for convenience. The circuit in

/
VX and VY as the positive or negat1ve d1fferent1a] 1nput for the

operational amp]1f1er the 1nput part can be made cond1t1ona] short-

circuit stable £501. Stab111ty can be 1nvest1gated by assum1ng a

one- po]e approximation for the . non-ideal model of the operat1ona1

amp]1f1er The Thevenin equlvalent impedance presented by the re-

by each of the above negative-resis-

/ .
tance circuits at fts- 1nput ort és the series 1mpedance determ1nes

whether 1t should be. 1nput oben c1rcu1t or short- c1rcu1t stab]e

ThTS though being theoret1cal]y possible, is a tlme-consuming process
for a complex(f11ter structure As a general ruLe of thumb, one can
arrange the negat1ve res1stance operatlona] amp]1f1er circuit for an
1nput open c1n$u1t stable condltlon with: pos1t1ve feedback when the

input port sees. a serles impedance; and. for an input short c1rcu1t

stable cond1t1on with negatlve feedback when there is ‘some para]]e] 1mpe-‘

dance connected to the input port. Th1s arrangement 15 found su1tab]e
3

o

o

in several exper1mental c1rcu1ts whwch will be d1scussed later

- B

3.4 SYNTHFSIS OF A SIXTH-ORDER c//r'Bysw'v LOW-PASS FILTIR
-,,i ) The synthes1s procedure d1scussed in Section (3.3) js appT1ed
"~ to realize a sixth-order Chebyshev Tow- pass f1lter in the fo]]ow1ng

-For the design obJect1ves of :

Low-pass filter

65




Chébyshev
- Sixth-order

pass-band ripple = 0.1 db - - ;

Haif-power frequency = f_3gp = 795.774 H (5¢10% r7s),

one is given the passive R- L-C conf1gurat10n in Flg (3.8) [52].

Rg' - Ly ST A

S
4\\11*
- !

.‘
LA
@]

RN )

L

i
(@]

»

[
ELE |
()
on

Q

Figure (3.8) A pasgive RQL-C sixth-ordet Cheﬁyshev Tow-pass filter.

Norma11zedelement values are :

o 9419, C

1/1.3554, - L, ,2.0797,

Rs
C, = 2.2873, L,

2
1.2767.

Tt
1
1

1._5344,'_.(:6

4°

' Transform1ng al] the f]oat1nq 1nductors lnto neqat1ve grounded capaC1tors .

7
by NIV's resu]ts in a c1rcu1t,q1ven in Flg (3 9) :ﬁi;? N

C C:s-.= Laﬁz?;, c = L5652 .

5

5
R

prest

- 1.6581

-

’

B

'z,

¥



N ™

Figure (3.9). Transfi

Note that there is a oF

)

e for the output vo]tage as a résu]t
of SImulatlng three floating lnductors : There is no 1mpedance sca11ng
A

due to the use of un1ty “turns- rat1o transﬁormers Comb1n1ng parallel-

'cbnnéqted res1stances and applying Thevenin' s/technlque at the 1nput

. port s1mp11f1es the f1lter c1rcu1t 1nto a form given by F1g‘5(3 10)

.R’=(Rlzl R;-Rg) R




-

" Choosing ‘R1'$ R, =R =1.0 in normalized values gives the following-
. - .v : fo ) ' ‘ - C ‘
- values :7 - .

4
o

4

-

V “3 814 V » R'=32814 ,,. RA-= RB = RC =R, = - 0.5,

R ., C, = 0.9419 B C,=1.6581 , € =.1.5304

<«

¢

The spreadpof elemen;-‘alues=inAthis_césé is quite low :
| -SR = 8.1. | SC = 2’4
' With magn1tude sca]1ng of 10K the f1na1 rea]lzat1on by operat1ona1

‘,;amp]1f1ers 1s glven in Fig.. (3 11). Res1stors are g1ven in KQ and

_;fcapac1tors in affﬂﬁﬁ_both are w1th1n *ulq tolerances 0perat1ona1
amplifiers reallz1ng negat1ve R C are arranged w1th e1ther negat1ve or.
p051t1ve feedback as d1scussed before » S1x 1nexpens1ve operatlonal
operational amp]1f1ers (1741c) are used 1nc1ud1ng one for the buffer

* at ‘the output. Exper1menta1 resu]ts are measured with temperature as -
-~ a paraneter Measured dataarevery close to the expected theoret1ca]
response and th1s c1rcu1t is relat1ve]y 1nsens1t1ve to temperature“
/-'var1at1ons Resu]ts are presented in Figure (3 12), and (3 13) Other A

méasurements are - g1ven in Appende C Tunlng of th1§ f1Tter is qu1te

simple. The 1nput res1stor ( 38: 14 K ) 1s rep]aced by a varlable one

' -,by wh1ch the correct ha]f—power frequency is set. H]th no further

tunlng , the ha]f—power frequency is me;izred to be. f - 3db -J795 43 Hzf”
which: has ‘the’ negllgmble lnaccuraCy of - 0 043 %

o

The same method can. be d1rect]y app]1ed to synthe5121ng any type .
of polynomlal f11ters of arb1trary order as they all have basrcal]y the

~ same passive R- L- ’C confxgurat1on

\

N,
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3.5 HR'EAI.',IZING A.'GROUNDFD INDUCTOR BY A NIV
Tenninating the\NIV with a negative groﬁndedicapaoitor at'one
port gives an admitténce of a grounded 1nguctop3at the other port .2

Yin = 62/Cp, as -given in Fig. (3 14) where G, =G, =G, = G.

\ G? ’
® —A\,
e £
Yin $ . $ . . .
-G, 6y -C
" ‘ - -‘l_ : ¥

P - E
—

. Figure (3.18) Simu]ating a.groundedhinductor,”

i3

A non-1dea1 1nductor due to unequal res1stances,»G ,”G

. Q,IGa,lresults ‘

'

in a one port network conta1n1ng three parallel-connected branéhes as
'n,shownt1n F1g (3 15) For g1ven component tgaerances of * 1%, s1mp1e
ana]ys1s of the var1oqs 1mpedances 1n the three branthes reveals that 'af
1n order to have a more accurate 51mu%at1on one éhould use a ]arge N

value’ for the product of CR and match the values G and G as c]ose‘ -

<

R «:D;‘
as poss1b]e where R is. the. ngmlnal value of. R 2, 3

&

Pract1ca] resq]ts in the c1rcu1ts to follow. us1ng two opera-

t1ona] amp11f1ers in the NIV c1rcu1t for realizing a grounded 1nductor

. prove that the above approxlmatlon 15 close enough to be used in the

d1rect synthes1s of hlgh -order fUnct1ons R _ ‘1- L ”? *f
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3 5 SYNTHFSI..; OF FOU]?TH ORD"R BUTTFY?WORTH BAND PASS FIeT =) /
B . The app11cat1on of NIV's in the synthes1s of high- order po]y-A
nom1a1 band pass f11ter§;3s obv1ous and stra1ght forward when a band-
pass pass1ve conf1guratlonaws obtained from the correspond1ng low-pass
one by frequency transfonnat1on Both the f]oat1ng and grounded 1n- i : \\_

ductors 1n the band,pass f11ter are to be replaced by NIV c1rcu1ts in’
\fﬁﬁk fo]]ow1ng examp]es. ‘.‘]- » P !‘ ' ) | i ./

A second-order 1ow pass, Butterworth f1]ter is: g1ven 1n F1g

(3.16) with a voltage transfer fqnct1on of .

Figuie (3.16)2’A second-grder Butterworth low-pass filter.



,gatrve\ element§ as shown in Fig. (3 19) where

74 -

Rl

'After frequency transfonnat1on, a corresponding fourth order band-

pass filter is shown in Fig. (3.17), where the transfer funct1on is

&

, o .P2/Q?,

-

‘ ;:' P+ P/ + P2(2 + 1/Q2) + B2/Q + 1

wheére Q = 1/bandwidth.

Figure (3.17) . A fouPth-order 'Butterworth "band-pass filter.
. . N ‘ .. g ' ‘.—'

At th1s po1nt ;he methogs prevnously d1scussed can be app11ed d1rect1\

,J .

to simulate the f]oat1ng and grounded 1nductors L and L | After some o

. 1mp11cat1on; one has an equ1va1ent f11ter cﬁgﬁu1t as in F1g (3 18}.

The para]]e] connected negat1ve R-L- C can be s1mu1ated by a NIV w1th ne-

in

v

Vin = =L/ - p/Q’; 2/0 A L,

{h c1rcu1t can be s1mu1ated by usmg orﬂy one operatmna] amphfler as

glven in Fig. (3 20)

-

<



oy

Figure (3. 18) An equ1va1ent fourth order band Dass f1]ter

(- Ry = -0/2, -

1»9,

o)

1-0

——

a5 w'gg<
=-1/o,,.- Lp= -0

»

Figure (3.19)

Y e

Simulatien of negative R-L-C in parallel.



. T .
4. ‘ O ) ) .
. . <Jry . R ~,
: By ) . .
R 54 , :
. A . .

—.Cy

J L
r

O

F1gure (3 20) Sinubation'of para11e1-COnnected R—L-C»by‘one operational
.'amp11f1er &ffg%; »a . ' e

o ) ) . . . ‘ . . . ’. ’ \
For the des1gn obJectlves of f, = 795. 774 Hz and Q = , the final.

‘act1ve rea11zatﬂon us1ng only three amp11f1ers is given in’ F1gur (3,21)L

Tun1ng of this - f11ter is carr1ed out by the- following 'rocedure -

RS

‘The c1rcu1t 1s d1sconnected at the p01n§'D Nlth reference to Flg (3 18)'

~

and F1g. (3 21), the transfer funct1on is a second order band pass one:.

e e

= »P[CYR '

t,(P) = = — —
Y P2+ P(1/CyRy - '1/C,R™) + 1/LC,

o,
-~

Thus, the resonant frequency of the f1rst stage, wg IAJ[ C ». can be

checked by f1nd1ng ‘the frequency for a sharp peak of resonance The

4

o
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¢

447 4

| '-J\vr-~"t'_.--’\;:ili

=
.

—— —] ——
R 0-02
0

A, oA
‘ Vout [ ”

0

1

A f

s

i

‘Figure (3.21) 'Active fourth-order Butterworth ~band-pass ‘filter,
f,=795.774 Wz, Q= 5.0 : : . . o

R T

transfer_function'of the secoﬁd'sfagé is;giveh Eyb,

C o) e PICR,
o) 22, .
TR P2+ PIC,(1/R, - 1/R ) + L

Since R, =R, , trimming the 10 K variable resistor in Fig. (3.21)

' ’7<:> o &0 L

’

' >one can adjust for the'proper'Qa]ue of 'Rgé by ﬁétting the poles on’the



. S
.

w?
e

<
. . . PV
imaginary axis. The correct resonant frequency, wy = 1[/[262, .can

be set -by varying éH in Fig. (3.21).
Resonant frequency f, .and Q are measured to be f,= 806 Hz -
( 1.26 % ) and Q =4.835 ( - 3.3%) respectively. Frequency res-

1

ponse and other measored data are given in Fig. (3.22), Fig. (3;23),
and Appendix D. / | 3
Next, an attempt-is made to realize a high-Q circuit meeting
“the des1gn obJect1ves of wy = 5x10° rad/sec ( f, = 7957774 Mz ) and--
1000 = 31. 6228 The same design-method is used and: the f1na1 ac-
tive rea11zat1on is given in Fig. (3.24). T q
| Resistor and capacitor va]ues in Fig. (3.21) and th. (3.24)
are within + 1% accUragy of their nominalfvalues and the Operqt?ona]
amplifiers uséd are 1741'5 - “ ‘ : S
B The same procedure is carr1ed out for tun1ng . The resonant .
frequecy and system Q are measured to be fo = 795. 776 Hz ( - 0. 22%‘),-
.'Q = 31, 76-(.0 43 % ) . Note. that the qQ measured above is ‘associated
w1th the h1gh -order system Q's for the individual comp]ex po]e pairs
B may be much h1gher ' Much h1gher system Q s can be ach1eved for the above
Jf11ter resonat1ng at the same frequency Bydéary1ng R" in F1g (3.24),
‘”_exper1ment 1nd1cates that one can ach1eve a stabge Q value of about
three hundred However, the wave- form as observed on the osc111oscope s
_drifting by 1db  when the system is set to resonate with a Q of six o
hundred. Itg‘S therefore est1mated that the pract1ca1 system Q of '
4'this fiiter_is_11m1ted to-about.three hundred. It should be o%lnted
| out that, in the above high-Q settings the7resonant'fnequency js mea-

: sured to. vary by no more than one half percent

given in Fig. (3. 25) ﬁng,(a.zs) and Appendix D.

)
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ﬁFiburef(3.24) An active fourth-order Butpérwbrth"band—pass filter;

Q- 31.¢>, Wy, = 5x107.

N
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3. 7 A TW”LFfH ORDER BUTTFRWORTH BAND- PASO FILTFR RTALIZFD BY NIV S

The success of construct1sn of the fourth order band pass. f11ters

" ‘discussed in Sectlon (3-6) leads to ‘a more amb1t1ous attempt of synthe—

sis. A twelfth-order Butterworth band pass f11ter us1ng the NIV"s is

reallzed in the following. , ) 4 T

A s1xth-order Butterworth Tow-pass paSs1ve R-L-C f11ter as shown o

'y
in Fig. (3.8),15 chosen from [52] . and its element values are -

¢ . . 4

R.=1.0, L =0.5176, C, = 1.4142 , L, = 1.9319

2 -3
Gy

, C6 = O 5176
The low -pass filter is: frequency transformed 1nto a correspond1ng

>

1.9319¢, Lg = 1.4142

Nl

1.4

twelfth- order‘band pass filter_in F1g (3. 27) L

E

Fi§Ureh(3.27)A A twelfth-order BUttenuorthfhand;pass.fi1ter5

S S oa - LT
rTheielementivalues.of the band-pass filter afe ‘

Cyy = 1/L10 VL =G0 Gy =L, Gy = CQ L e
Cos = LR . Cg =G0, Ly = 5Q, Ly = 160 |
Dy T L0 Lyt 1V6,Q . Leg = ":‘SQ“’,’, Leg = 1/C6Q ‘
T - e Y R

~



o v %
‘. N N | o - g
i Voo ‘ o B N
,

/Transformatwn of the passwe band pass fﬂter by NIV s rESu]ts 1n

o a c1rcu1t shown 1n F1g (3\28) with the fol]om"g e]ement Va]ues
by = MG, s G = G LgQ | - e

L}
oo
i

2 .
6740

—
|

. o
RRYAC I Cc G370, L

L '~..by {HV s f

- »'US1ng the SNime metn dAas before for s1mu1at1nq negatwe Pa"ane]

k "i;QFOUNdEd an grounded 1n9ﬁctors, ohe 3“Y‘ives a’c the fma]

.-

‘ Tumnq of th1s fllter fo]]ows bas1ca]}y the same p"otedur:e as
S hﬁbefore The comp]ete fﬂter can be broken dvm ‘"to Slx Secondmr‘der |
: sect1ons, a]l the resona t frequenmes of wh‘ch Cﬂn be cﬂ&(ed to béL
-about 796 Hz | . It ’lS f und expemméntaﬂy that by rep1aC1ng 'che B .

O N N - . e .

i ;_ F1 gure (3 28) A;{j‘iv::e]‘;_flthfordef..’B'utteMerjﬁ'-'.bghd,'pla‘s'-s'i ﬁ] ftef".reaj:{zedf};‘ - -

. " Aoperatwna] amphﬁers used are 1741C s. \ -;’_:



RICESEE

is giVén.in Fig. (3.30) and Fig. (3.31).

{Ehe same filter by the state var1ab]e téchn1que by Kenw1n Hue]sman and

series resistor of 282.8 Ko in-the Tast sect1on by a para]]e] com-

’bination;bf a 40 of capac1tor and two res1stors of 262K+50K(var1ab1e),

one can adjust for a‘correct system Q ,and.smooth the frequency res-

" ponse around the region of the higher 3db point. Frequency response

The resonant frequency and Q are measured to be
f, L 799.233 Hz (0 435%) - 9.8915 (- 1. 088 )
Effeits due to temperature var1at1on are also measured and shown in:the
above two f1gures'to be re]at1ve1y 1ns1gn1f1cant Other measured data

"‘L’ n

are 910en in Appendix E. C0mpared with. the des19n method of rea11z1ng

d Rﬂwﬁbm -]f one can save no; fewer than nine operat1ona7 amp11f1ers

]

_by',;iﬁngIV s in this case.
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CHAPTER Iv

wf

ACTIVE INDUCTORLESS CAUER FILTERS

* ' ' O b -

4.1 BACKGROUND

[Among the various types of generally usedtfilters; the Cauer
fi]ter may. be the m9§t§§ffective one in providfnglyery sharp frequenéy; L
cutoff’with're]dttvely'iow—order functidns..,pue-tq_its general ;<>4 ., K\\\
: structure;‘the_Cauer filters are usually morewdiffieu1t’to realize by |

-active inductorless. design The 1dea 1n1t1ated by Bruton (71, [12]

of uswng frequency dependent neqat1ve resmstance element for rea11—

2zation proved very effect1ve .in rea11z1ng h1gh-order Cauer low-pass | y“
f11ters ~ This method was later extended to the case of rea11z1ng
hwgh order band- pass fwlters by Antoniou £257. | g

Cons1der the operatwonal amp11f1er c1rcu1t g1ven in F1g (4.1).

F\gure (4 1) The frequency dependent negatxve resistarce (conductanc
' element realized by two operat1ona] ampl1f1ers o s

§

90



- The positive imi
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- 1 . L
oo B - .
/ .
. . \
.o . e ' . . -
. P . T . }
o / . «

ittance- converter-type network has -an 1nput adm1ttance

of ¥ ":Y_QYu . Th1s express1on is der1ved by assum{ng no -
Ny W \
other app: ' -.‘1§ns than that the operat1ona1 amp11f1ers are ideal

’With infin 1te‘g§5n, Anput impedance and output adm1ttance By as—

"j are to be app]1ed to the synthes1s of Cauer, low pass aﬁd\hand pas§i

- } ) *_"

s1gn1ng the 'various admwttances to be e1ther capac1§ances or con- '

ductances, two very useful e]ements can be rea11zed, ile., the
. . . ’ h . ] Q""
frequency—dependent negative-resistance e]ement (FONR), Z(P)=K p , %i
and the frequenci\dependent negatwve conductance element (FDNC) .f
Y(P) K2P2 , where Kl, K are pos1t1ve constants These.two elements

o B

o
f11ters

A Cauer low pass f11ter of arbltrary order is reallzed in F1g

(4 2) w1th pass1ve R- L:C e]ements ) R ~ S

Fiqure_(4.2)'_A'CauerFIOW—passpfilterl I - f'ﬁ/l. o

5
’\

The vo]tage transfer funct1on remains unchanged when/the admittance

: of each branch of the f11ter is. mu1t1p11e by P/e(P Jw). ~The"7 : ;!' !




- hlgh order, low pass f11ter is realized by u51ng a sma]]wnumber of

; ,operat1ona1 amp11f1ers S ' ~

SN—

R-L- Q/elements are transfonmed into C-R- FDNC. respect1ve]y é““

'denot1ng a‘FDNC,e]ement.

¢ paralle] comb1nat1on of e resistor, a/FDNC element and~\a FDNR

&

m

oo

gtransformeé f11ter c1rcu1t is shown 'in Fig. (4.3) with symbol of E%E*

2 “ . M

e

'Figure_(4.3) A Cauer low-pass filter using FDNC's. ¢ oy -
. s o o .

‘ P o . . ' - B : . . , | [y . » p

~ The circuit in Fig. (4.1) can then be directly app11ed to rea11ie e

FDNC e]ements for the transfonned low-pess filter. Thus, a Cauer,

'1ft;1?f- For the d1rect synthes1s of band- pass Cauer f11ters the 1ow~

pass passive conf1gurat1on 15 re-arranged so that the 1nput series

re51stor dlsappears§§.Th1s can be done in most practlcal cases as

;ﬁ%e next sect1on ~ The standard technjgne of N

:?;‘On converts a grounded FDNC e]ement into a

/ S Sy

_ e]ement denoted by the symbo] * A The correspondmg band -pass

i
s
L

Tilter transformed from the 1ow4pass one by the above methods is

g1ven in Fig. (4. 4)
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Figure (4.4) A Cauer band-pass filter by using FONC)and FONR elements.

The band- -pass synthes1s is complete when the FDNC and® FDNR elements
are realized by using the circuit in’ ng (4. 1) | } ‘ :
These methods are cons1dered very eff1c1ent and easy to apply
for pract1cal fllter synthesis,: Aksmall number of act1ve elements -are
u‘requ1red e.g., only seven 0perat1%§al ampl1f1ers ar%TEEEE9Sary to

realize a 51xth order " Cauer band- pass fIlter with sharp frequency roll-.

; offs

-~ o

Houever. the reallzat1on of a Cauer band-stop filter/proves tov
.be a much more d1ff1cult problem becausgsa grounded FDNC element is
"”aftransformed from the low-pass config ratlon to ‘the band stop conf;gﬂ‘y
ratlon 1nto a ser1es comb1nat1on of a res1stor, a FONC and a FDNR
a element Ingtnws case, e1ther the FDNC or the’FDNR element must be
-'reall;ed;f:'a f}oat1ng manner Two ideas were suggested byvAntoniou '
Qf?S].e'The floating FONC or FONR element can be realized‘by using two

‘ldentjcelhgenerali;ed'immittanée'conVerters in Rlordanls floating-



N

"..

inductancemconfigqretion The other method requ1res a three term1na1

. ’ .. *
) gyrator term1nated by the dua] of the series- elements wh1ch 1s a Sk

P 9

parallel comb1nat1on of the three e]ements concerned Both methodss

_
requ1re add1t1ona1 active elements; furthermore, th f1rst method

needs 1dent1ca1 act1ve elements which musqabe cr1t1ca1]y matched

“mental circuits are reported

‘ FD&R,e1ements

quever, no detaTls of these two methods are, g1ven, nor- @hy experw- .

. : v .
. s ’ .
. [
. » . g

o

4.2 ACTIVE SYNTHFSIS OF HIGH-ORDFR CAUFR BAND-STOP FILTFRS'. .

The4genera1~procedure of realizing high-order band- stop‘f11ters
by active elements follows from the low-pass conf1qurat1on shbwn ing

F1g (4 55 ggThe corresponding ‘band- stop f11ter after frequenpy-

transformatlon is g1ven 1n F]g (4.5), where. the f11ter s diilgned

: d

w1th a series e]ement at the 1nput pdrt

_ }}r-fl:fer-..f_' e
oo T e

F19ure (4. 5) A Cader band- -stop hlgh order f11ter us1ng FDNC and

k]
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The ser1es arranSEﬁent of a res1stor, a FDNC’ and a FDNR e]ement :

T s to be rea11zedfby the following method. Cons1der the c1rcu1t in

Fig. (4 6) where’ f]ve operational ampllflers are emp]oyed Each of -

the {nput - adm1ttances as seen by V and V . is a grounded FDNR

» element rea11zed by two operat1ona] amp11f1ers in each stage

G1G365 - (- G11633(;55
= and Y1 =
CQCQZ? ‘ L CQQCL&UPQ

; i.e.,

The voltage transfer functions in these two sections are given by

Y S S . 6..G _
B - 3 5_2 and 5 =’1._ 33755
vV, - = Cz’CuP_ : Vq ) C22CuuP
A |

For s1mp]1c1ty, one can a551gn C2CuR3R5 CQQCWR%R55 =‘1 0

- There-
fore the above c1rcu1t can be replaced by its equivalent using the :

control]ed-sources representatlon 1n F1gure (4 7).

One can, then, very easily arrive at the following;exbheSSions‘

_ - 3 .
. - 2 = »
vl GlfGXP' V2 1’2
V3, Gy ¥ 63P2 4y P : o

The: overaT] voltage transfer funct1on 1s therefore, ngen by

Lf

"



Figure (4.6) Realization of a'series“combihatipn of a resistor, a
FONC and a FDNR element by realizing two FONR elements.
™ o |
o v, B .GY :
» vin' - %

Ffﬁé;e'(4.7) An equivalent

_circuit to that in Fig. (4.6).

s .

7

%6
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Voo (2 =17 P -2r? e

- 5 _ _
v, (P +1? MePe1 | P
| . , ‘_ \ _ _‘ l | |
' after fhe aSsumbfion'iE Made ﬁér‘ GX.= 61 s GXXa% Gli_-.L The re—;.
suiéing idpue¢admittadee‘is ngeany ‘ ' .
| v5 - R‘i 1]5. :
) ilr_;;) e Ry/4 Af +2 % 1/P2)
. “,\ﬁ' . .;%v

'wh1ch is the admﬂttance of a. grouhded ser1es comb1nat1on of a res1stor,

.. a FDNR and a FDNC element transformed from a grounded FDNC e]ement 1n

the 1ow pass case. The va]ue of the feedback resustor Ry, can be ad—
Justed to. meet the requ1reméht of the band -stop system Q
-An a]ternate method 1s g1ven in F1g (4.8) and Fig. (4. 9) wzere

'4rea]1zat1on of two FDNC e]ements by f1ve operat1ona] amp]1f1ers e ds

to the same f1na1 result " The ‘same assumpt1on is made’ for the tlme~con-'

97

stants, i.e.;-.ac CSRQR C33C55R22 4y = 1.0 . The input adm1t§adce.éf

funct1ons seen by/pVQ , Vu" and the voltage transfer function afe

respectlve]y - S \\' Lo | ,..l - ’ R

Ny L+ A

< =
w

f&
W,

<
e

ALY 'l'Yz’,GnP?s'\Q‘ e mere Geg)



Figure (4.8) Realization of a series combination of a resistor, a

FONC and a FDNR element by realizing two FONC elements.

N

Figure (4.9) An~equjVa1ént¥Ei;cuit.to fhat'in-Fig, {4.8).

-

-

98



,'The overa]] transfer funct1on and the 1nput adm1ttance funct1on are, o

‘tpen g1ven by | fi e .

Vo (1-P) 1-2ptagt S
— = = - el DU S——
v, (1+P)% 1+ 2r° + Pt L0

ot F U
| | | B AT IR
vu’\\Q Thus two methods have been presented for the rea11zat1on of the
,.fser1es R- FDNC FDNR arrangement by uslng on1y f1ve operat1ona] amp11f1ers
fs1n each case. The f1na1 rea11zat1on of a h1gh order, Cauer, band stop
‘ “1;f11ter is comp]ete when e1ther of the above two c1rcu1ts is’ used in F1§
;(4 5). The number of operat1ona] amp11f1ers used per each serles
-~ - R- FDNC FDNR " rea11zat1on 1s one more than that requ1red for real1z1ng.
'iithe correspondlng para11e1 e]ements 1n the case of band pass rea11zat1on
’;7by Antonlou [25] »vHoweveri.th1s extra amp11f1er is used to rea11ze a
‘h1gh1y stable buffer for the purpose of 1soTat1ng the fo]low1ng stages.
o osThe number of amp]1f1ers requTred N, and - ﬁhe order of the correspon—-l..
vA,ding 1ow—pass f1]ter, N2, are given in. the fo]]ow1ng/for N between
Kathree-and seven: N, = 3, 4 5, 6 7 correspond1ng to- N =8, 13, 13
18 18 respect1ve1y. 1t is," therefore Kmore econom1ca1 to rea11ze the_v _
' u’band stop filter w1th odd number of orders for the correspond1ng 1ow- -

pass case. . - ; o o K ) \ '

TN,
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4 3 REALIZIN(‘ A SIXTH ORDFR CAU"R BAND-STOP FILTFR N
| An expertmentaJ c1rcu1t us1ng one of the methods discussed in
‘Section (4 2) 1s constructed in thls section to 1]1ustrate the
*techn1que of synthes1s “The problems were encouptered by a local company
where a voice cgannel carried frequency sh1ft keyeg (FSK) 1nfonnat1on
B as well.. In»order to filter out the FSK - signals at,frequenc1es of
£ 2100 Hz  and 2300 Hz . a band-stop filter of sufficiently sharp
frequency-CUtoff'characteristic is needed. The fi]tering of the 'ﬂf
s1gna]s wwth frquenc1es between these two did not reduce the effec-

t1veness of the voice channel appreciably.

A siXth—order Cauer band-stop filter nas chosen with %he twd
zero frequenc1es fa111ng at 2100 and 2300 Hz ; A correspond1ng
third order low-pass f11ter was chosen from page 179 of [52] as shown P
in FIg (4 10) w1th a pass- band r1pple of 1.25db- and a m1n1mum ,v /
attenuat1on of 30db 1n the stop-band The center frequency was -

. 2197 7 Hz and the system Q was 5. 587

N o e yern ]

T j ‘ cyo3zzn |
_ o ' ' : L St
—{} |

| -~ . -l oL B B %"0 o ! S
A €, (1-9602) ‘ C (19602 | : S | -

S ) s i . - -

) . L ) . . R

Figure (4.10) A Cauer'third-nrder lowspaSS'filter.

“
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“This filter with an equivalent transfer function but a zero ingut.

~ ’

resistor is shown in Fig. (4.11). ) | . -

Figure (4.11) An‘equiva1ent‘circuit to.that in Fig. (4.10).

53

'_The condition that'mus be sat1$f1ed for the component values to be

pos1t1ve in the equ1v lent Circuit’is C2 > L C, (where ¢, =¢C =0

-

Th1s cond1t1on is found to be sat1sf1ed by most f1]ters contalned 1n

' _[52] The component va]ues are g1ven by R = 2.0 . : ='2.8691953015;"
L , =0, 48698 571681 C22 = 0. 530905449066 L3 1. 8283046985 Ihe_
transformed c rcu1t has tw1ce the output voltage at low frequenc1es as

: compared to the or191na1 one. Mu]t1ply1ng the adm1ttance‘of each branchr
by P (where P Jw) results in an equ1va]ent c1rcu1t conta1ning a

’ grounded FDNC e]ement as shown in FIg (4 12)

~The ]ow pass filter is further transfonned into a band-stop one _

'as shown 1n Fig. (4 13) by app1y1ng the standard technlque of frequency

"transfonnatlon, i.e.,

P:-——%__ .

Q(p + 1/p)



.

Figure (4.12) The équiValent.]dwfpass filter containing 'a FONC'
3 . -t .

-

e]émént.
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" nano-farads and ki]o-ohms The amp]ifiers used are 1741C S. Frequency -

T~

2

The FDNC element, YA = O YA transformed 1nto a ser1es R-

4

FDNC-FDNR combination, the 1mpedance of wh1ch is g1ven by |

1 202 Q? 2‘A . Q2.
+—0p + —
CgP2 Cpp  Cyy CypP?

m’ .

L= : 2
Zy =Ry + Lgp? +

The grounded inpedanée Z is to be realized by using the second

method conta1n1ng FDNC e]ements as dwscussed in the 1ast sect1on, and
the grounded 1nductance of ZQ by NIV s. The f1na1 circuit reali-

zat1on usang only . e1ght operatlona1 amp]1f1ers is g1ven in F1g (4.14).

j{Measured data are very close to the theoretical ones: - fq =‘2183"H2

.'(- 0.67 %); two zero frequencies f, = 2083 (—’0;81.%), f, = 2286

A

(- 0.61.2); magnitude response is - 31. 6db at . f = 2300, Q s 5.55
_-(4 0.673 %). Other deta1ls of measurement are given in Append1x F.

fCapac1tor and resistor va]ues are: of + 1% _accuracy and 1n units of

T
response with respect to temperature var1at1ons is p]otted in F1g

(4. 15) Measured data as compared to the theoret1ca1 response indicate

‘that the ob3ect1~es of design have been fulfilled and the filter per-

fonnance is re]atlvely 1nsens1t1ve to temperature changes.

A0

-
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B order—functton synthe51s' The des1gn procedure is a general one app11-

. . . .
. . R .

- -

! A1 . )

s . e i
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/CONCLUDING REMARKS
- B '

-5, 1 CONC‘LUSI ONS ’ | .

Two approaoges to the synthes1s of . 1n§i::or1ess act1ve f1Tter ’4’%’

‘synthes1s have been d1scussed 1n th1s d1ssertat1on Var1ous methods -

are 1nvest1gated to rea11ze a second order voTtage transfer funct1on ’ ,;f
us1n§ unity-gain amp11f1ers. Sens1t1v1ty<%o parameter var1ations.in SRR
j- ) T . o
’K).” . . e e ! { . } %
most cases is minimized. ,Some exper1menta] prototypes using transistors - ?g :
{ _ _

and operat1onaT amp11f1er§ are_built- accord1ng to the proposed theo—'
rettca] schemes of des1gn% ResuTts obta1ned for narrow and very narrow d
bandw1dth,are shown to be very close to- the theoret1caT onaﬁ T e{fv |
"kR1ordan s gyrator is found Tu1table for real1z1ng a grounded ?hductor

. 1n the case of very high-Q requ1rements
” - Extens1ve use is made of the resistive negat1ve 1nm1ttance- B ; J'Tiff

1nverters to repTace float1nq 1nduttors 1n the d1rect approach to h1gh—

cable to aTT polynom1al types bf ftlters " The probTem of rea]wzlng
'-Cauer band stop f1lters is solved by us1ng onTy f1ve operat1ona] ampli- -
f1ers 0 swmu]ate a series comb1nat10n of a res1stor a- frequency— hs.'

. depende- ¢ negat1ve res1stance and a frequency—dependent negatlve—conr

ductance.element' The fact that reTat‘Vely.Jow cost operat1onal ampli-

T S S A P A I

g et b e e e e T T T IR ST
el e . R R i . .

fiers are used in the practlca] construct1ons 1nd1cates that the design

methods are not cr1t1ca1 at all. The methods-proposed are very economlcal

v 06




as. on]y a small number of actlve dev1ces are required Temperature‘~f
var1at1ons are found to be relatively 1ns1gn1f1cant in the perfor-

' mance of the high-order filters reallzed by these methods* .Thus, |
direct f1]ter syntﬁesqs is_possible in lntegrable Bybrid, or dis-
crete forms | | : R s \xv

- It is, therefore concluded that in the aud1o fﬁtquency range'
hitQQ@&pract1cal and econom1ca] to solve the prob]em of ‘filter synthe—

'sis by the proposed 1nductorle<s active arrangements using elther the

approach of cascad1ng second- order reallzatlons, or: that of d1rect syn—_

\ . - o
thesis. v - S . S

5.2~ 'SUGP?STIONS FOR FUR’"[IF.R l-’f'-iS'F'ARCH

In the pract1ca] rea]1zat1on by 1ntegrated c1rcu1t frabr1cat1on,

1mprovements can be found 1n the c1rcu1ts USIng state var1able technique .

<

: and grounded lnductor s1mulat1on d1scussed 1n Chapter II if one can
construct the unlty gain amp]1f1ers by us1ng NPN trans1stors on]y ngh-
'quallxy PNP transxstors are ‘usually more d1ff1cu1t to- fabrlcate in in-

&0

tegrated fom.. ’ f el

e
'.center fkgquency and Q by vary1ng some res1stances is certavnly an

_area that ca]]s for- further research 1n the near future ThlS will not

'probably be achleved by u51ng more ampqu1ers However, due to the
trend of contInuous reductlon 1n costs of operat1onal ampllfters in

, 1ntegrated fOrms the penalty o?e pays for usxng more act1ve devices

. - :
-~ . Do
’ LY
IS e

. o . L L
RS e : . ; . N =
N P . . . 3
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. will not be severe.

shift intro

, e |

L |
In add1t1on, research 1n'act1ve f11te;rsynthe51s should also

be directed towards the goa] of a h1gher frequency range of 0perat1on

Th1s probab]y cal]s for design technlques that w111 so]ve the prob]em

" of stray capac1tances in both the passive and active components. Com—

pensation %mues may be found to take care of the problem of phase ‘

d in the act1ve devices for h1gh frequency case 3

.

However the design ob3ect1ves for f11ters will contwnue to

a re]atlvely h1gh stab1]1ty marg1n Tow sens1t1v1ty»to active andz

pass1ve components and’ temperature var1at1ons, the use of canon1c numbers

of capacwtors, low spread of passive e]ement va]ues, the use-of non- .

cr1t1ca1 active dev1ces, and h1gh usefu] dynamxc range.’

Rt
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~ APPENDIX A

Realizing gn~£nverse-L and a 1

o

N

o

In.synthesizing high-order po1yn0mia1 baﬁd—pass filters
t}ansformed from_fhe:corresponding_1ow-pass ones, one has to réalize
séétibns of inductors 1n-£he éhape of an inverse-L. The' short-
circuit admittanceraramEteré derived fr&n thé networks, shown in

Fig..(A.i),are identica1 as given by‘

A

Figure'(A;I)‘ Realizing an inverse-L of inductOfs.
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This.ci;tuit has been used to realize éfourth;oroer; bano;
pass, Buttenworth filter for Q = .5 = Sulo3 fad/sec . Due
to the great dlfference in magn1tude in the order. of Q2 between Ly
and L2 » the fllter was found sensitive to passive component values
and was she]ved a]though other cond1t1ons such as stability were
sattsf1ed However ‘this c1rcu1t may find app]1cqt1iﬁ?111 a. design

" where approx1mate1/,equa] values of L : and L, are reqo1reo.

/ .
The simulation of a 1 of }nductors will be illustrated by

“the following two methods. [t will find application at least in
.Onch'rd and She;BEf's design [217 ‘where high-order Cauer band-

pass f\]ter can b? realized by synthes1z1ng sections of 9's of |

1nducto§s : )
\‘\\‘ '.- . ‘r
\\. : '\ - , "k
The éro two ~-port networks as shown. in F1g (A, 2) are: equ1vaypnt
with the1r ihort~c1rcu1t adm1ttance parametp?s given by '
K .
_ o —~ 1 616 . G GTG : Gy 1 1. .
B iy )+(e,-e—)-——+-'—,
® e e, e b
- Y = GlG = 1_ 7
12 ? / .
¢ : cr P / &
- 16,666, 6,6,6, 6,6.6,C . 6.6.6 66
. 5 . 0
Y, e — L (G . Gq) ] 1737 ‘A 5 a‘]_+ 1% o_- 578
. 4 297 | G GG 6,6, Gy
1 K |
L1P ‘ .
Y ¢ ‘Av §,\i
m At . ) )
| N ® “
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1 646,665 6G.G. 666G | G.G, 6.6
. ~Y22=A—[1——_-—_’+”56‘-.13»?z]+'eu+ei,ai§-_5’_6
oote G666y 7 Gy G,
1 1 -
= e— o — 5
L,p L_2P
N
. a
provided Gl=Gg=Gg=Gu=G5=G7=GA=Gh=GZ=G’
: 1 1 KG(1 + 1/2K)
Gg =Gy =G (l+—) -,  G.=6(1+—) , G, = -,
6 8 . - 2K b K.~ T_ K'

. - ( Coen o
c=1,6%, %¥,=c, - LlG?K(1~+/L£2K)‘ :

/J/Nﬂ>,, where L =KL; . Ly=K'Ly
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Th'e secorfa\\me/fhod which makes use of the resistive NIV can

R
Ve be ﬂlust}ated by the two equwa]ent two- port networks as shown in

1 Qj‘ o }‘ Fig (Av 3

PR

igure (A.3) Rea‘h‘zi'ng' a of inductors and an 1nversé po’lam ty

4
ideal transformer by NIV s 9*4

,

S
. &

&

W

The ;sh‘okt-ci’r_cuvi t?hie&a%cef paré‘meters are given. by
11 B = . ) S ’\ L
S CP L Gp L Ly

.,_
.
N
N
-
~
)
&

171 '.1--'1

N N _LB.P Ler 7

e
-
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. ‘ . » - . L . //‘ #L\
- Realizing ‘a Second-Order Polyno/tniél Band-Pass Filter . °
The_cirédit in Fig. (A.4) yields a voltage transfer fuq‘cfion
of .. . ' ‘ v . . . __{C} ‘|,< ’ }',
V2 A P/CRv - o /
= = - —— . where L = (RZ .. L. _
V, P2 P/R+1/LC o , , !
- . ) . . . - ’
)
. D | \ "' ‘\-—
Figure (A.4) A ;}con_d-ordet‘pol_ynomi-a'_] band-pass filter. .
'The output can be taken from Vout = 2V for isolation purposes and the
fﬂter has the advantage of mdependenf 1d3ustments of Q and w() by C | g '
trimmng two resistors. ' ‘ ’ ' )
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R . APPENDIX ¢

.
"\

“Harmonic Distortions of Filter‘Using State-Variable Technique

o
The percentage hanmonwc distortions of the second order

'band pass filter with Q wy = 10° rad/sec at some typ1ca]
frequenc1es are measured by a DONNER*SVlee Ana]yzer (Mode] 2102)

as be]OW‘

“
\

1«:{ -
% | ‘»‘= R . .
. '=, o : . ) .O
‘_VO, vin ZO‘dbm at resonanee e .
, vhanno- center freq. - Tlower 3db point "higher 3db‘point'
. nics & T e o ‘ o
~ second " third® xsecond ‘thi¥d™.  second third
Vi | 0055 G0z oo 003 0075 :, 0.03
- Vur | 0.063 - - 0.03 0201 o3, tomp
: | Ay = Vip = - 1.85 dbm at resonance 8 ;rfygg)\':_. 7 )
Vi 0.094.  o0.03¢ o 093 o0.045 q%§§3§3 0:033
Voot I 0.24  0.036 0,197 ©0.07 - 0.18  0.038
< A 4 . ’
- ) vi
o 1 e
» ' -
- 2
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~ APPENDIX D

‘Measured Data of\Vernyigh-Q Band-Pass Filter-

|

(A) The fo]]ow1ng data are taken for’the spec1f1cat1ons of 0 500, - ; Q
= 1.5917 Khz. " ~ | | | |

u) = 1.5917 iz, R e

Iower 3db point, f, - - 1.5001 KWz, ,i.~ |

‘higher 3db point, f, = 1.5933 Kz,
- Q'=.497.4 (- 0.52%).

{

W

(2) f, =1.5916, f, - 1.5001, f, = 1.5933, Q=497.4
(3) fo= 1. 5919,: fivéble5901, ‘4f? - 1.5933, Q- 497.4
(4) f =1 I 5916 fl = 1.5901, f ~=1.5933, 0 =497.4 .
(5) f = 1,5917,', f, = 1.5901, f, = 1.5033, ¢ = 497.4
(6) £, £1.5919, £ = 1.5001, f, = 1.5933, Q=497.4
_(7) After four‘hours‘of cont1nuous eperat10n o S
| _‘fo =, 5915 fo= 1 59oq, f, = 1.5932, Q= ;6?:43

(8) Power- supp]y is sw1tched off and on, .

- 'f = 1.5017, f, Y 5899, f, = 15931, Q= 497.4

(9) The c1rcu1t is turned on next day, after wann1ng up for. '

a few m1nutes

f = 1. 5916 v'f1 1. 5902, f, =1, 5934, Q =.497.4.

(B) Two measurements for very high- Q va]ues are recorded by_vérying

R on]y

(1) VOut (resonance). O'5~Y% (PfP),




- 1.5915

Q_

= : = 1768 .
'1.5919 - 1.5910 '

‘o

T - ' | v
(2) *Vout (fgsonance) = 0.58 v. (P-P),.

»

1.5913

= 3978 .
/

Q= —
~ 1.5916 - 1.5912

Both f, and f, are measured twice to be the same as
. those above, wave-form is very stable with no drifting at
all. |

(c) ’Measureékhts of Q and f, when power supply voltages (Vf and V-)

]

vary. . o o # _

(1) fAftef'measurément (B), filter is reset to have

-
]

- 1.5912,

°
-+
1}

= 1.5928,

o
-+
i

1.5896,

fon]
1]

a97.25, - . I

B ﬂwhic% are measured twice at. o
SV = 14.99v, T A“\\\//A &

= - 14.99v ..

oy
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(5)

(4)

16.49 {(107), "

]

o

= 16,49 ( - 107)

= 16.48 (107), . -
= - }.49 ti0
'1.5911

1.5928 - 1.5897

—— = - 00063 -,

0 ¢

A Q .
— = 3.2 ¥
Q

V+

v—.

Q

L

&f

—a

f

Ve

= 13.49 ( - 10 7 ),

S -13.49 (100)

© . 1.5314

B 1.5928 - 1 . 5898 v \. L

— =.0.0126 © ,

"= 13.5 ("_‘;o v), v =

= - - 4e2.3

~ 1.5932 71,5899

N

N

)]

O .

oy
- = 513.26,

253005

t

S 16,49 (=107 ) 5

~U

=0.0189 ¥ , - =-3.02%
| 0.
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,(8),

T e =

14.99 ,

- 14.99 ;

1.5912 ,
- 1.5912

1.5928 - 1.5896

= 497.3 "
/
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o - APPENDIX E | o

_ ﬁéasurements'of Sixth-Ordér'Low;Pass ?iﬂterv . .
V(A) Mgasuring the 3db powﬁf/”/‘;z ; "' _ S .
o when Vg .+ = 15 dbm (at lTow freq ) | ‘
Vin = 9.5 dbm , B o o
for v  ,= 15v o
Vo= 15y f, _1\ o . -
six data aré'taken»fok‘tﬁe ’3db poiht as below |
I 3y = 795.4, 795, % 795.4, 795.5, 785.3, 795.5. R
Therefore, f . < 795. 4333 (- 0.0427z,)_on'the average. T
" (B) At different drive levels ; | - s o | |
(1) VOUt = 5 dbm (at ]ow'fréq.);- Vi = - O.SIdbm,'
f _3gp = 795.3. o
| (2) Vé;i ¥‘- 5 dbm (at Tow freq. ) '-vin = -‘10;5'dbm, o
' Flggp =755 . S

: (c) Variations in power: supp]y voltaqes when

Vout 15 dbm (at. low freq;);,' Vin 9 5 dbm

o 20 V, R

o

(l) = 20,v,. v

(), v - 20 Vi V=-10v,

i

(3) v 10 v, V- 20 v,

G gy = 7795.3.

R A (R R LN
o F 3w = 7958,

>



(D)

G
(6)

The max1mum dr1ve 1eve1 before .the output amp11f1ér saturates,

[

Vout =18 dbm (6.1 v RMS), .

in

V. =12 dbm (3.3 v RMS) .
(£)

 with maximum drive level as in (D),

D.C. power consumption-

,.J.

i)
Power = 0. 45 watts wh1ch 1nc1udes power supp]y to the first,

- buffer stage

R1pp1e)

()
At Temp = 70°C (158° F) N
f _3dpi= 791 H;}(i- 0.558%;), S .
) Q’R Cer B . .

v

e

in the pass- band 1s observed to be approx1mate]y 0.1 db

131
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APPENDIX F.
'Méasurements of Fourth-Order Band-Pass Filters

(A) The fo]low1ng data are recorded for .a band- pass filter of Q =

fo = 795.774 Hz.

(1) Max1mum drive ]eve] before the f1rst amp]1f1er saturates 1s

Vout 19 2 v (P-P), R

Vi, =6.8v (P-P).

(2) Frequency.responseuiﬁ;magnitude,is plotted for

“ Vout = § dom, - -
o vin = 4.-.‘8 d-m’,.:‘ , |
- i;_ (3) Center and-halfkpower frequencies; S L
f, = T718.3Hz,
- f, = 885.0 Hz, |
 f, = 806 Hz (1.26%),
Q = 4.835 (-3.3%).

ta) D.cC. powér'consunptioh;
 with input at maxlmum amplitude and w1thout 1nput s1gna]
Power = 0. 270 watts S .4N'Wiﬂ |
>afﬂ§;: ‘ wh1ch 1ncludes the power suppl1ed to the buffer stage

(B) The fo]lowlng data are recorded for the same f1lter but w1th

, Q= 31.33. /



(1) Center and half-power frequencies;

f (Hz) ) £, (H2)
794.2 808. 5 7835
794.1 808.4 783.5
794.0 808.4 83.4
794.1 808.6 783.4°
7939, . 8085 783.4
‘ .808.5

(3) s ‘Maximum’driveilevel is

.794.0

'fo (average)

Yy

£

fQ(Hz

Q (avgrége)

783.4 .

783.4

1795.776 Hz ( -0. 217%)
31.76 (0.43%).

= 111.8,

= 284.2,

= 568.4.

By vaﬁ&fng R"
1937
Ql == v
7975 - 7903
. 795.7.
Q= ——
L 797 - 794.2
795.7
. 796 5 - 795 1

«

only, several hwgher -Q

133

~

G

e

i

values are recorded; §

L3N

However at measurlng 03, ‘the output u>\n!/;orm may dr1ft'.

v’qu1te stab]e

Vout = 1.9 v (P-P)

- ou
n . :._‘?.3 V: (P~P)

'-v0}6_dbm,
- 4.7 dbm.-

about 1db at ‘resonance, but the half—power points are

-



' o ot oL ! 2
( (4) D.C. power consumption is’ 0.255 watts at resonance
g (Vi = - 6.8 dbm), or. 0,241 watts for no input signal.
j , : v ‘ v °

| ‘//é:&-.
e
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« - T \F o
: \l _ APPENDIX G

s
i
A

Measurements of a'Twe]fth-Ordef Band-Pass Filter

g | )
}A) Frequency response in magnitude is.p]ottéd for -
| Vip = 4.6 dbm, 2 . |
VOu = Q;dbm,j at-resonances. ) B (éf\f .
(B) Resonance is defined to be the case when Vout ~and Vin ,are. _
N exactly 180 ° out of phase. |
(C) ‘Center and ha]f—pqwer frequencies; E
L
L) e ) | -
799.3 - 841.0 760.2 R O
799.0 80.9 7602 . "
7992 81,0 760.1
799.3 Cea0 602
9.3 emo o 7e0.0
799.3 841.0 760.2 )
fs (avefage) ; 799,233 Hz (0. 4352); - o | }gf
| Q (average) =9, 915 (-1. 085”) - | R
(D) Different drlve levels, ’
© Wy = - 10 dom,
fo = 799.3 Hz (0;44%);
o 7993 R d
Q = =9.88 (-1. z%) | :

841.1 - 760 2.

/s' \_,—,vz-’ﬁ



N L~
R, ' o : o * :
Vig = - 20.dbm, :
O, =799.3(0.08%); . .
. ’ X ‘ N o oy . . ' .
Q = - — = 9.88 (-1.2%) _ o
- 841.1 -, 760:2 \

,(ﬁ) Variations in power §upp1y voltages;

 \V0ut(dbm)' 0o - 100 . - 10 i 10 .
v 20 20 0 10 l
' S0 -1

799.8° 798.8
) - 0.503  0.38 o
84ls 8408

760.8. . 759.2

9.87 9.8

1.3, o -2.0 |

o R ,32,0,

(F) ‘Méx%mum.drivé,Jeve1 is‘

Vg = 6.8 dbm (4.8 v P-P).

- EG) D. C. power,conSUmbtion; | |

4 with maximum V and w1thout 1nput s1gna]

_ _.ZPower = 0 555 watts (1nc1ud1ng power supp11ed to the buffer stage)

; (H) For Temp = 70°C (1850°F); |

| '~.1f_the‘same‘zero 08 line on the graph for
- 22°C is used,m - |

v



w.)

799.233

. = 10.28 (2.8%);
842 - 764.3 ,

if oné)usés (- 0.5 db) as the zero DB reference,

799.233

Q= ————=19.9904 (- 0.0963) .

-~ 843 - 763
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(A)  Maximum drive level is

APPENDIX H

Measurements of the'Sixth-Order'Cauer Band-Stop Filter

~

V5, = 0.015 v (P-P).
(8) . C. ‘power consdnption is - |
0.765 watts for maximum drive 1eve1 ‘at the stop -band, and
0. 517 watts at the pass- band or w1thout signal 1nput
(C) Different supply vo]tages, B .

‘h"
1

for v =10 v, V= o100y,

-
[l

2180 Hz ( 0 14%)

"

2083 Hz (0%) ,

2284 Hz (—0 .092%),

Y

5, 55 (- 0‘673)

L
i

m1n1mum attenuatlon is 31 3 db; u

- for v* = 18v, Vv =-18 v,

-
o
I

-
It

2083 Hz (0.048%),

-
"

"2289 Hz (0'13%), o .
5.5 (- 1.57%),

o
It

Lm1nimum attenuat1on is ‘31. 0 db.

(D) D. C. offset voltage st the output is 28 mv.

(€) For Temp E 45‘C (113°F)

2183 Hz (0%), . R
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(F)
-

/&'
x l,-‘; .
AR ] e
ke . \\5 ¥
t

oot
(]

“—h
~
o

1

+

o

2175 Hz (- 0.37%),
2084 Hz (0.048%),

Ve
‘?’_h
1] 1

For T = 70°C(158°F) ;

o = 2173 Hz (= 0.46%), . .
2090 Hz (0.34%), .

"= 2296 Hz (0.438%),

W
n

=5.49 (-1.45%).

2289 Hz (0.13%), . .
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_ Voltmeter:

Digital Multimeter:

D. C Power Supply~ '

Osc1TToscope.

| ‘Slgna] Generator:

Digital Frequency -

-,1Cbunter: '
Temperature Chamber::
';’Impedapce Bridge:

Harmonic Distortion .

Analyzer:

In measurIng effects due to temperature var1at1ons

.

Donner, Model 2102 -

Y
4

-
APPENDIX I

J

Exberiménta] Apparatus

‘H;P' VTvM MdideT;ﬁAOOD'
:Fa1rch11d Model 7000‘
.Harr1son Mode] 6205A‘
.”Tektron1x Type 546 V‘_ _vwf
“--H P Model 202c 2008

bal

© G. R., Type 1151-A .
nDe]ta Des1gn ModeT MK 6300
' G R., Type 1650 A

i

Fa

oh]y'tﬁe:

' f11ter c1rcu1t board was ]eft 1ns1de the temperature chamber
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APPENDIX J

. Slouw Tcmoculur! Range
Lead Ternperature (Solocrmg. 10 sac)

absolute maxnmum ratings

SUDD‘V Voluw tM741

1y LM7a1C
Power Disupation {Note 1)
Di"u-md,tnoux Voltage
input Voitage (Note 2}
Output’ Sharl Circust Durat

Ooevnmg Ttmoevalurc Range LM741
BE ToowmreIc

00

22V -

218V

500 mW

30V

.15V
{ndetinite
-557C 10 125°C
0°C1020°C
-65C10 150°C
300 C

eleptncalchargctenstlcs {Note 3)

PARAMETER CONDITIONS i u:'y:' Y o T rve s wars
tnout Oftaet Voriags - - T4« 25°C,Rg< 10ks: 0] so 1] so mv
Inout Ottset Corremt .'-'256‘ ’ . » |20 . 0 {20 oA
toput Buas Current e © J200 |so0 200 |00 A
Input Revstance TR ‘ 03] wo| 03] 1o e
- Supply Current Ta®25C Vg- 7|;v - 7' 28 | 28 mA
4 Large Sgnat Voluage Gain Tar25C. Vg r 18V ‘ _ - ‘
Vour * “10V. R ~2k2 % |10 2. |60 ViV
“input o;fm Voltage R < 10K - . 60 ' 15 mv
Input Otfset éu".nl : S00 3@ nA
. Input .Bdl'cu"eﬂl - |‘45 [} ] Ul
Lorge Sgrat Vorage Gari -] Vg - 318V, \’/m,. "rov L
. R, >2ki : P ! 03 v:ng
_ Output Voitage Swing Vg = *1SV. R, - 10k§2 12 | e ‘ 12 | e v
. A =2k 110 *13 410 *13 v
input Voltage Range - Vg - Jisv a2 ' a2 v
:’;":m ny€ 10 K02 o | % 2 | %0 o
m’;:m n;<|om 17 | oee 7 {0 o8 -

" Note 1: Tho maximum junction ttmpontun of tho LM741 is 150°C, while that of the LM?MC is

100°C. For operating.at eleveted temperatures, devices in the TO-5 nockm must be d.ut'd besed on
8 thiermel resistance of 150°C/W, junction to cese.

k For. wpolv ‘voitages less then 215V, thonbaohm m.xmmm mput volu.. hcqud to the

Noua. Thon spocnﬁut-om spply for Vg = 115V nod -58°C < Ta < 125°C, unless otherwise

\

 specified. With the LMNIC however, all wpecifications sre limited to O’C < TA <70°Candvg=115V.
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