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ABSTRACT

Over the past :several years :a variety of active RC networks
have.emerged, each optimized :for one or several parameters usually- at
-the-expense of increased :complexity involving .add'ii:ional active and
';pastsive elements.
‘The purpose .of :this :thesis is to.~;exam1':ne in detail a class of
. low: pass networks which rr;equiré the .mini_mal number of passive elements
(resistors and capacitors only) and that use only one active element,
. a positive gain amplifier. TThus, these 'ne:twovrks are the simplest
possible.lumped .element, active RC structures for any order. A recur—
o sive_“formula is derived in the analysis phase and used as an aid in
srealizing Thomson, ']‘Sutte'r.wo_‘rj:h and _’Chebyshqev ‘responses for networks
: through-the 6th order; :a 7:th -order Thomson is also given. _These- solu-
tions.are tabulated:for .direct aapplication to filter deéign pro_bleqis .
s Sensitiv.ity’:to active and passive :elemeﬁts is discussed and
'opi:imal sets of _elemé_n‘t-“valueés are given, k‘jfh‘eor-et'ical derived T.»‘esﬁlts

' - are-verified on-a laboratory model of a &th order Butterworth filter.

......



CHAPTER 1
INTRODUCTION AND STATEMENT OF THE PROBLEM

1.1 Historical Background

Active RC'netwarks"became'pranticalfwith the advent of reliable

-inexpensive:solid state:active 6lements in the mid-sixties. Early
efforts yielded many variatioms :of low pass, band pass, and high pass
.active..RC networks,Abut;thejsalleh and Key [1955] positive gain
active RC'network shown*ianigwjl.l(a)iwas‘@fbbably the'simplgét Zna
.order, low pass, .lumped -element circuit deveioped during this period.
»later work by Huelsman [1971] Ied to the 3rd order low pass-network:
shown.in Fig. .1.1(b). More:recgnf work by Kerwin [1971] fesulted in
" several MFM‘solutiOns:to:the-AIhLdrder fnim of this network type (see
TFig.71.2). .This 4th order network still resembles, at least in a
:toﬁological;sense,_théforiginalQZHd.Drﬂer Séllen and Key-structure 
cof Fig..1.1(a) éﬁd only:ane:tesiétor—capaniior.pair per pole of the
;tranSfeerunction.is:pequired. Because of thiS'minimal RC form, the

~network.is. said to :be :canonic.

1.2 -Statement of the Problem

fTheffaét;that_an,J3tﬂ:and-aﬁfewf4th'brder solutions for the.
_canonicsstructﬁrejexist:natsesssevera;'Que3£iDns* | .
.Ll. “How:far :can-the configuration din Figu 1.2 be extended beybnd B
:the-4th:orderffdr:tbe:common Filter Functions?

a
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(b)

Fig. 1.1 Positive Gain Single Amplifier Second and Third
Order Minimal RC Low Pass Networks



Fig. 1.2 A 4th Order Positive Gain Minimal RC Low Pass Network for
Which MFM Solutions Were Found



3 .
12, If higher :oﬁder realizations exist, what are their sensitivity
charactenisti‘c:s'?. ‘How shall we def‘ine sensitivity in cases
where individudl pole Q and frequénc_y are .relativeiy un-

important? | |
3. What limitations do .t‘he‘ sen—s.itivities to actviVe and passive
‘elements “impose relative ‘.t'b the application of these networks

to filtering -problems?

‘These :questions :are :investigated in the text which follows.



CHAPTER 2

THE ANATYSIS

2,1 The nth Order Network

The extension ‘of the 4th order metwork to order n is repre-
.sented by Fig. :2.1. The axrangemeni of element subscripts, while
unconventional,Aleadsfto'the simplification of equations which arise
latef'on. The-analyéiS'waS"méde'in the complex frequency domain where
p.is, as usual, ‘the :complex frequency variable.

This kind:qf analysis gives the functional relationship
between networkﬂeléﬁents and the coefficients of the transfer function
polynomials. The ‘justification for a detailed analysis is that the |
:method.of>synthesis'discussedLlater requires a knowiedge of this

‘functional relationship.

. 2.2 An Equivalent Circuit

131““{Figure;zh21istan.eguivalent circuit representation of the nth
-order ﬁetwork. TThe;pdsitivg gain amplifier has been replaced by many
voltage,cbntrclled“voltage:ﬁournesw‘vOther voitage,sources»have_been
.introduced,lintd:the:shunt:capacitnr legs to groqnd; for symmetry

.and.convenience :in ;the "analysis. The form of the transfer function is

- . | .



Fig. 2.1 The Minimal Active RC Low Pass Network of Order n, K > 0
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Fig. 2.2 . An Equivalent Circuit for the nth Order Network with
Alternate Voltage Sources Added for Symmetry



‘-Whereidi;are:real positive :caefficients and k 45 the amplifier gain.
jThe:termldo”will’always:bezncrmalizeﬁ‘ID unity so the DC gain is k and

- the network response ‘may -be ‘described completely by the denominator

polynomial, Dn(p). [Let,ééitake on the valué,k~volts, then by Eg. (2.1),
e, = Ialﬁp).A.., , - (2.2)

. Now.it is only:necessarytxo-finﬂ B, TO completely describe the
network,
"Figure 2,3 shows :the ssection 0f the network at the input termi-
" nals where:gi,is the input voltage. 'Other'vpltages and currents have |
-also. been assigned subscripts in keeping with'ﬁhe'convention adopted
. earltier. “
{Summing qurrents;dttthesgh“node,.and solving for the input

‘voltage:e,
8 ag &5

‘R . . :
} : - . n ) oy - N )
et (en "?ntl)’3n€1—+‘€n(l +;Rncnp> RhCnYnP ° (2.3)

'LEquatibn (2;2)-doeS'nat;de?end on m, S0 e could be the'voltagé

@ I for:the - n-1 network,:cr;é for the n—-2 network, and so forth.
n : ) e ] )

n—1
. Consider seveting:the‘netwark:at the point A indicated in Fig.

~2'.,3.and"—,"elimiﬁating'the“-sect.io_n:totthe.]_-efj:...'.N.OW e is an input volt-

:ageito;a;netWS:k of .order m=1, :and by Eq. (2.2), must equal the °

>”:denominator’polynomiéligﬁéiCp)._ESimilaxly; cutting the network at B

~ydelds: therresult:that
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Fig. 2.3
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.

The Input Section of the nth Order Equivalent Circuit



®a-2 an3(p)
and, - in-general

en—k = Dn—l—k(p)

Now Eq. (2.3) can be written in terms of Dn(p), Dn

D _,(P)

A=

R

n
D (p) = [D _,( -D L]z

n-1

$

+ Dn—l(p)(l + RnCnp) - RnCnvnp

10

(2.4)

(2.5)

_1(P), and

(2.6)

The result is that Dn(p) may be written as a function of the

two next lower order polynomials, and the network exhibits a recursive

nature which can be used now to great advantage. Defining the terms

of- the polynomials, let

2
D _,() =a ,p ~+a p " +...a;ptal

n-2

Dn—l(p) =b

and

(2.7a)

(2.7b)

(2.7¢)



11
-Substituting Equations 2.7(a),, (b), and (c) into Eq. (2.6),
collecting terms and equating coefficieﬁts of 1like powers in p gives

the recursive relation between coefficients..

R
_ _ n
dk = (bk ak) §———-+ bk + bk—l RnCn
n-1
(2.8)
- Gk RnCnVn
where
ék =1, when k=1
Gk =0, when k # 1 .

All of the terms in Eq. (2.8) have been identified with the
exception of V.

Looking at Fig. 2.2, it can be seen that alternate voltage
sources are zero and V, can be written

- n
vV = (1) +1 « K (2.9)

2

Using the recursive relations and the following equations from

the.zeroth and first order networks, any D, (p) may be found for any n.

D (p) =a_ =1 (2.10)

Dl(p) = blp + bo'= RlClp +1 (2.11)
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An illustrative example will best demonstrate how this works.,
Suppose it is required to find Dz(p), the second order denominator

polynomial., Applying Equations (2.8) and (2.9)

‘R
2
dz = (0 - 0) §I-+ 0 + R1C1R2C2 = R1C1R2C2 (2.12a)
0y =2 2
dl = (Rlcl - 0) EI + Rlcl + R2C2 - vnRZC2 (2.12b)
Now using Eq. (2.9) for Vn and rearranging terms, results in
dl = RlCl + RZCl + (1 - k) R2C2 . (2.12¢)

Clearly, D3(p) could now be found by applying the formula again.
For the trivial example shown here the computational simplification
is small, but for networks above order 3, the recursive formula turns
a nearly impossible task into a simple iterative procedure. The equa-
tions now, in this form, are quite amenable to computer evaluation. It
should be realized that this recursive relationship is purely algebraic
in nature and has no connection with specific filter functions. It
provides a method for evaluating the coefficients of the nth order
transfer function given an arbitrary set of element values. This fea-
ture does prove useful in the realization of specific filter functions.
For .the reader who is unfamiliar with the complexity of terms

which arise in conventional analysis, a coefficient from the 4th order



-transfer function for +his metwork would take up two lines of this

:page;and:there;are four such voefficients, the fifth being unity.

13



CHAPTER 3

-SYNTHESTS

3.1 The Method

TThe’syﬁthesis préblem“ptesemteﬂ here does not Teguire finding
.a network configuration to realize a desired Filter function, as in
glassical"networklsynthesis. The mnetwork coniiguratinn is already
“prescribed and functional rélationships, from the analysis phase, which
give'the:tranéfer'function coefficients “in terms of fhe-network éle—
ments,have.been,developed‘previously, These coefficients must now be
equate&.to.thefpdsitivefre&l”numeriéai<Eﬂeiiieientswfrembthendesixed-
filter: function. The resulting:set of nonlinear simultaneous equationé
Vtthentneed-only~be solved .for :the network element values and the network

..synthesis_is:complete,

3.2 Use of Optimization

. "The.equations which result from equating. these coefficients are
-nonlingar;inithe'netWGrk elements.anﬂ ihere:gretn-eQuéiions for an nth
-order:netﬁork;in"Zn-+ 1 élement variable unknowns so for én n of 3, the
-';task.isxalreadyiformidabie, iBec;usefIhe equations are nonlinear and |

becanse;bf-the;laqk of any:closedffofm‘method.Df solution, optimization
tteqhniqheS"were?brought,to.bearfonbihgjprobifm, 'Optimization,bin the
'Lsensé;uséd:here“is outlined;by:the3fdllowimg° o

- 14
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LEetI%itbe.real or complex variables which enter into some

.functiondl relationship

f(Xi;) =G, : - (3.1)

fLet?%i'be ‘some requiréments which are to be met by Gia
..An<error function is defined, Ef, Which_expfesses the error
between .the values of Gi and the reéuired values, Rio.

Optimization is achieﬁed by opérating on the variables, X, in
any way which reduces the value of the error fﬁnction until it reaches
a specified minimum.- Work by'Hueléman [1968] has lead to the computer
.implementation .of several optimizati;n strategies, three of which were
successfully used‘on"the problem at Wand. THE‘companéﬁt“paftS“of*the“
problem. are .readily identified with the various optimization functions
.and variables. The variables-Xi,are the network elements: resistors, .
capécitots,‘and gaiﬁ.' Therfunbtinns Gi were found in the analysis and
areithe:coéfficients of D(p). The req‘ui'rements'Ri are the coefficients_
.of ‘the :transfer function which one is tryinglto synthesize. The error

:functioniEf

was an integral part of the software package,

1

[ 2 '
E. =il L (6, -Ry) (3.2)
i=1 .

.All -the necessary variables and fimctional relationships are now in a

{form which is :amenable to the application of optimization.



16

.3.3 ‘Solutions for ComﬁDnTFilter'FunctiDns

Optimization:techniques were applied to the probilem with
succgés_uptthrough:the‘Zth.Qrderu Thomson MFD), Butterworth tMFM),
and. Chebyshev (Equal Ripple) solurionsiweﬁe found for a variety of
element combinations.and orders.

.The strategy uéed'when only a vagude notion of a solutiom
existed, 'was.a:random :direction .and :step size search routine. Usually
the iniﬁial value :0of ‘the error function could be réduced quickly by
several orders of magﬁipude tola-value'less than 10. -A pattern search
routine was then used which systematically further reduced the error
func;ion‘byrseveral:ordets of magnitude. Finally, when an error migi—
mum_was,definitely nearby, the ﬁell-knbwn.Newton Raphsdn'minimization
method reduced -the :error to any desirgd level by about an order of
magnitude per~iterationf Once a specific solution had been foumnd,
other. solutions . for -the same order could then be obtained by incre-

' mer.ltfal;VoApt:'Lm:'Lzat:'Lon° ;Increﬁental Dprimization is achieved by incre-
menfing,one (or more) variables toward some desired final value {(or
values). and-re-optimizing the solution each timem_'By this means it
4is:£hen‘possible:to;étép through solution space from one useful solu-
tion:to:théxnéxt. ‘
_,fSince:there'wéte.Zn + l,variéblesw it was péssible'to apply
constraints which limited results'to'ﬁbrebusefﬁl solutions, Two con—
,stfaiﬁtSZWere?uséd;. (1)'making:all»xesiStors equal valued and
sdlvipgifqr:thé:capacitor Values;b(Z);méking.all.éapéiitors equal

valued: ard:solving for -the resistor values. For the two solution sets,
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-the ;gain was ‘incremented over a range for which solutions existed.
_Equal resistor -solutioms were Tound for gains near ﬁﬁity'up to ten,
Whilelequal capacitor solutions existed only for gains between 2 and 3.

Equal capacitor metworks have a decided cost advantage over the
;equal:teSistor:typewv The‘actua1‘va1ue to which all the capacitors must
be matched, need'dﬁly<be specifieﬁ to a few percent. The match of
.capacitors within a givenvcirnuit, however, i1s very important and must
.be made to better ithan 0.1% for some of the high order networks. Con-
sidering the matching prnbiemsiand the cost of selécting capacitors
compared with that of resistors, the only networks which are economical-
_ly feasible to produce in any quantity are the equal capacitor types.
Final :frequency trimming for all the networks discussed here can be done

by .trimming resistor values.

3.4 The Data

_fhe most useful ﬁaxé obtained for Thﬁmson,rButterworth, and
'Chebyshev,functions.arevtébulated.in.Appendix A, The transfer fﬁnctions
were all normalized to have,léading‘and 1ast coefficients unity for max-
-imum comfutational;eﬁficiennyw Table 3.1 gives the 3 db frequencj for
‘the Thomson, Butterworth, and Chebyshev functions, Wﬁén normalized in
~this -fashion. .The-Chebjshev cut—bff freqﬁency is definéd as the fre-

"quency where ‘the mégnitude'last toﬁtacfs bottom of the ripple band - B
‘before attenuation -in the skiitn vIt.Was found that elemeﬁt'value
;épread.Was;the:gneétésiznear points where solutions ceased to exist.’

'“IIf;;hese,paintssaEezayniﬂﬁa'ﬁhen selgcting.an'element set;Athen-elemént

sspread ‘is not a -problem.



“Table 3.1. Cut—=off Frequencies in Radian per Second of Thomson,
‘Butterworth, and Chebyshev Filters
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Filter Type

Order _Thomson Butterworth Chebyshev

0.5 db Ripple 1.0 db Ripple.

) 0.787 1.0 0.810 0.938
3 05712 1.0 1.120 1.270
4 0.661 1.0 1.274 1.380
5 0617 1.D 1.410 1.521
6 10.579 1.0 |

7 0,555

.All -the solutions which'were found for low paés networks are
.applicable:tO'high pass networks. If tﬁe positions of the resistors
.and capacitqrézare interchangeag7then a loﬁ pass network‘beéomés ﬁigh;
_pass. fTheﬁeqﬁal.resistor low pass solutions then are equal capacitor
high pass :solutions énd,,thus$>are also quite useful. The following

~:chapter -on ‘sensitivity deals only with the low pass solutions.



THAPTER 4

SENSTTIVITY

4,1 Definitions

Unlike passive ,né.two.rks in which poles are confined to the
| _left-half 'plahe, active RC _'n'e:twork:s':can have poles anywhere., For this.
:.reason, any stable solution to an active RC network, must be examined
.for-sensitivity to .changes .m element values. Sensitivity of a charac-
teristic, .c, to some zchange in element X is traditionally defined ass

c or

S me——

X 29X

r>|>¢

1)

. Since .[approximaf:ely 2000 :solutions fc.ox_f.er:ingA a variety of orders, gains
.and filter _'frunc't,ions Wer-»ef found, :some .:sensitivii:y criteria had to be
.d‘eveloped"wh’ic.h byiel;de-.d useful dnformation in a simple, efficient.
‘manner. Po.le_p‘osition ‘gensitivity and Q sensitivity definitions are
>.inappropriat-e ‘to ‘this ‘pro:b_'kem. Therefore, we define the following

" sens itivity crAiter.ia::ch)_r use in evaluating mnetwork realizations.

,'Fo-r the Butterwarth functions, the sené_it.ivity' .t‘o the- ch’aﬁge

_in:an:el'ement Value.'X s ﬁeEEin'ed to be the maximum magnitude sensitiv-

.ity,.as.given by Eq. (4..,_'].),,_ 'within the passband (DC to the 3 db
“frequency). For :the rlnar.mal'iz:e:d .Bm:mrwo‘rj:ﬁ functions the-3 db fre-

F' :quency-is .1l :radian per ;szecjoﬁfd. -

19
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w=1
mfm_ . 3|T(jw)| X
S == maximum e

x . ax | T(Jw) |

(4.2)

w=D

For the Thomson functions, .the sensitivity to the change in an
element X is defined to be the maximum group time delay sensitivity as

given by Eq. (4.1) within the passband (DC to the 3 db frequency).

¢’ “7 Yagp
nfd L x
Sx = maximum . a5 (4.3)
9x (dw

where ¢ is phase shift.

The sensitivity for the Chebyshev functions is defined in the
same way as for the Butterworth functions except the passband is defined
in the Chebyshev sense instead of by the 3 db frequency.

These criteria result in similar weighting for any order and are
directly associated with the criteria .for which the specific filter
functions Qere derived. The Thomson functions are maximally flat in
group time delay at zero frequency. The Butterworth functions are
maximally flat.in magnitude at zero frequency and the Chebyshev func-
tions exhibit the closest approximation to a square magnitude response

within a specified.error,



4,2 Discussion of Sensitiviities

;Sensifivities as defined 4n Equations (4.1), (4.2), and (4.3)
werexéalculatedifor many of the 5biutinnsu ‘The gain sehsitivitieé are
.depicted.graphically in Figures 4.1, 4.2, 4.3 and 4.4. The sénsitivity
_data:for-.all .elements are tabulated in Appendix B. Since the sensitiv-
~_ity.definition was arbitrary, the implication of these sensitivities
.in:an.absolute:sense is somewhat vague, only the maxima are known.

"Several conclusions,‘howéverw.can'be drawn immediately from the
sensitivity.data..

1. "For-the.equal resisxorrcase there is a gain sensitivity minimum

‘near:a gain of two and For the equal_capacitor casé, near a

-gain of 2.2 for all orders. |

.2, .The.equal resistor sensiiiyitiesvareAlower than the equal
capacitor sensitivities for a givén filter function in a given
order; |

.3. "The-sensitivities increase Wiih dnecreasing pole Q for'a-given

| order,}ibe., the Chebyshev functions -exhibit a higher sensi-

:tivity:tﬁan the Butterworth fungtinns and the Butterworth

'functionS‘haVe‘higher sensitivity than the Thomson functions.

iThis;is:true for bbih active and passive elementrsensitivitiesn

b, TThe“maximum~gain sensitivity with respect to freqﬁency'occurred
*close:té'the cut—off frequency of the filtérs for»éll orders
;andfﬁilter functions. This is an_éspeciallyfimportant result

:to:consider when implementing the active element.
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-4.3 Optimal Element 38ets

I.The :sensitivity_data was:.significant »:-enb.t_zgh ~to J:ndlca:tse ;a choice
of ~optimal element: sets. - For the:equal_ resistor :‘ca-'se, 3 gga;j:n of 2.0 s
optimum -independent 0f br@er .

‘An op timum choice of - gain: for{:thve -equal capacitor case s
between wvalues of 2.2 and. 2.3, .The: sens»iti'v.ities ;to zactive element gain
were ‘invariably higher: than any of:the:passive :element ssemsitivities Tor
all orders and’ B ilter’ functions. :Passive .element ssensitivity varied din
magnitude over. a wide: range ae'pending con :the :gain.  The equal capacitor
networks-, exhibixed. large passive.element :isensitivities near gaims of 2
and 3 'where".so]mtions went out. of:bomnds. Figure-4.5 shows za et of
passive rand active: element sensvit'ivities ifor :the -4th -order Buttervigx:th
equal .r.esi*s*t‘o>rAn.etwork, as a f@ctionidf rgain, ‘

The high order ﬁefworks demonstrate "high :sensitivity but, if one
is willing :to:remploy more. than one.active:element. high order, xanomic
synthesis. is ;s;t.i"il‘i possible in: the: péssi\ze :element :sense, but 'T./‘Jiffh |
décreé.:s.ed sensitivity. A 4th order .j?kfilter .can ke _implemented by :caﬂsx;.%aﬁ-—
ing two..2nd order. s:ecfions, each Having:the "Proper ‘response. A 5th
o,rder'v filter .can be made by cascading.2nd -and .3rd order fsecfioﬁ.,
Fi_flal'ly;: ,é ;é'th‘ order  filter can be-made by :.cascading :thﬁee L?.'n‘d tar.:&err

sections; : v . _ . . | |

. The Butt.ervarth; functions.are particulér_ly interesi:ing “with
- respect .to. :ap_pJ;iba‘tion. of: the 2nd order :Sallen :and ZKey _—‘s:tructunejin-
~.cascade. . The 2nd: order: form .ha_sv:'. solutions with:simultaneously ‘£gllé.ﬂ

capacitors.-and: equal- resistors: foraany:pélej:pa.irﬁon :a :dircke, dboit
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the :o.r_igin. T The Butterworth poles:also_liecon:a “crrc.le saboirt the m’:l:gin
_sa.it ris:only necessary. to choose:the-proper :gain for :each section of

the -filt’er; ‘tor realize high, .even:order, .Butterwarth ffmictj:én's Taving -
both equal capacitors and equal resistors.

F igu—r;es-. 4.6.and 4.7 sho-w—» 4th-and :6th:order ;BnttefWox:th Filters
having equal capacitors.and equal resistors. _The ‘tequired gatlnss ar
not pa‘r,tic_t'llar,ly; convenient, but:the:sensitivity 1s 1_qu:i:t£ Treasonable,
abé.u’t like that for:a 2nd order .1.db Chebyshev ‘filter.

" None of: the: muiti;ampiif ier :structures ~have “been ‘investigated
in depth .here as. “emphasis has been placed:.on :the';ijygle ﬁmle:EJ.e:r

canonic ‘form,

4.4 The Active” Efement

The active element, thus: far,.has been .as-smne':d Zt‘Or'IbTé "ar.i Adeal
positive gain amplifier witﬁinf.iﬁ'irte_;input ~impedance :-amri a gain charac—.
teristic which.dis. independent of:frequency. _Thefirst .‘éss.umpiinn, that

‘of infinite sinput.-impedance, is:sufficiently:satisfied by the rircuit
in .Fig. 4.8. . The second assumption, :th;at -of :a :flat gain Ffrequency
characteristic,. is.not so éasi'ly::met. N Eurthernio'te,_ ‘the esensi;tivi‘i;y
data ‘indicated:.that: the gain- sensitivity-maxima .;a,iways .‘o:cr;ul:r:ed, near
the ‘kfil"-.t'er cut-off frequenciés_. ”.'Iheréfore,‘ :the gain "sensitivities
7 ‘found -here. must be: japi)lied ._at, : or":near , -the :cut-off ffr-:e;querﬁ:j ‘when
- ‘selecting -an active: element.conf igﬁration. “The circuit in Fig. 4.8 has
f'e,x'célltent:~ DC: 'cha‘rar:’t.eristi_c.s.,..ass.umir_lg,:a “large :open "_J:o;o;p paidn, but the

- .gailn error. rincreases:’ Wj_th “frequency.-as -therroll=off _chatacterzasj:m of -
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Fig. 4.7 A 6th Order Equal Resistor Equal Capacitor Butterworth Filter
with Overall Gain of 4.20

ot



\ 4

m}om
Y

.0 assuming A >> 1.0

-

Fig. 4.8 A Possible Realization of an Active Element
with a Gain of 2,0

31



32
the'Dpéraiinnal;amplifierfb@gin:toEdominate:thernesponseu.'Byﬂihe e
- the filter: cut-0ff frequency.is-reached, -this serror could become large
.:enouéhtto;nause:serious;degradation:df:theffilter:respbnse; The point
_beingnmédé.hére;is that the_properﬁimpkemeﬁtation:qf the mctive element

-.is.mot as: simple.as.it appears:.at first gkanece.

4.5 "Experimentdl "Resiilts

" Two 6tﬁ'order single amplifieriﬁutterwnxth_filiers'were con—
"structed: oneAhaving,eqﬁal valued :capacitors with:=a gain of 2.2 and a
'seéond.equai’valued.resistor:type with;a;gain;afZZLO, A1Y passive
elements were~SelectedVWithinIO;lZ:df7the;pnescribed'value;and ‘the
cut—-off frequency wéS~8OO Hz. 'Frequency ‘response measurements were
madé, and:thewmaximum“errorﬁwas:Z%'peakimgffar“thefequai-résisﬁ@x-éase~a
and- 4% peaking fof the equal_capacitor;case. 'The peaking Jindicated

. that the:sensitivity was-primarilyAdue:to:thé"pdles nearest the j@.axisd
._:certainly_nof.a;surprising:result; fEigune~45§?shows'ihE:ﬁffecI of 2 1%
gain change on: the frequency:responseffor;the?6th:atder.3urterwarrh
,‘equal'resistor;ciréuit. “The.éffect 'of -a 1% ;gain change on a Sth.nrﬂar
..eqﬁal resisxorfThomsonffilter'issshownffdr LOmparisbn."The Thomson
:,fﬁnctionnin"Fig.~4.9:has;been'normalized:torhave 313 db frﬁqnency'bfvl

_.radian -per: second.
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CHAPTER3S
_.CONCLUSIONS

. Many of: the hlgh order _cémonic ::ne'twarks :gtudied ‘here can dbe
.applied .‘dir.ecj:_ly; -_vtO‘f f.iltéring problems. “The primary considerations,
wlien' selecting an:element set for :r'eé’lizir_rg za :specific filter EEuntc:tﬁ:on,,
are active and vpa-ssive: element sensitivities. These :studies "_"Lna":i:cai:éa -
that fhe.. use. of optimal. element-sets :canminimize the 3sensit'i'\r,‘:tt_y‘:nf’:‘i{ .
network- réspbn.set to:active element change. With ﬁ:.efgard to the dmple—
mentation bf.. a:-stable.active elément; :the z:élement gain is .assumed to
be constant over. the b\an-d:pass ‘of :the- ifikter :and-:care must be taken. 1:0 | _
assure that- this assumption .is met. ';This -aspect of the active e’lemen’f
canno; .-be“'oxzer;’emphasized, )

; E.urt-her ‘work:on. the networks ;desc_:'r_ibe'c_i :ﬁer.e.n‘oul"d be done. . "
There are. "infiriit_ely:lmany solutionswhich»_';?v_er.-;é not studied, It is- .

'p.o gsible that  ap.ply:ing_ .cons traints*mihiﬁa:i.:’z.ix;g ;'ac:ti\ze :element sensitiv—
_ity, and .Sleingf for: passive element values :c.o.u.l.d result in more use—
ful .h_ig"hép Ao';:'vder‘ r.e“ali.z;ations . .This ‘bfobl‘:em dss non—=trivial as it
_feq.uife‘s. a‘:'two; loop  optimization pro cechi;'e sdand "a great deal of L:Dmput;ér
tine. |

;"in. c‘oncluding,. one has :to=be '_impﬁess;ed.-with the .Eﬁgci of a
- si’ngle_,léwg gain.active: elemerit .. uﬁon :the "many :pales 'Whi(:%n are normally
: '-;..onfiﬁgd; _J;o:'.the“ real.axis. .An:element: ﬁ:i:th za sgain oFf ronly 2 ran move
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"these;pakesifromjtheir:relativeiy:nninterestiqgtneal?axisjpnsiiinns
:_taiuéeﬁul;:prescfibed.1ocations;in:tbe:compiex;plane,»'Iheeauihor
choaées:ta;call:real.poles whichsare;given:this:additional-ﬂegfee

~.of freedom,zthropgh'the'apﬁlicationAdf;some;activesélement,:antive

- complex pales,




- APPENDIX:A"

"ELEMENT -VALUES FOR THOMSON, :BUTTERWORTH,

AND" CHEBYSHEV FILTERS -

The following.taﬁleéfgive element values:as:a‘function .of :gain
for Thomson, Buﬁterwarth, and.Cheb&shev filters. “The-element :sub~—
scripts are in.keeping with: the notation devéloped:.in:the:text. The
filter functions .are normalized so.that leading.and_last .coefficients
are unity. All element values are in ohms. for - resistors:and Ffarads For
capacitors.. For the equal resistor networks, :the:resisgtor values are
"1.0 olm for the equal capacitor networksy:the-capacitors have a valire-

of 1.0 farad}

236



vTéb'le A.1. Capacitor Values for Equal Resistor Thomson Networks

Order Gain ci c, Cy A Cq Ce
} (DI vy N B
‘1 0.8660 1.1547
. 2 1.2622 0.7923
2 3 1.5227 0.6567
4 1.7321 0.5774
5 1.9120 0.5230
1 £ 0.3579 2.,0069
- 2 - 0.7510 0.7644 i.7419
3 3 ©0.9207 0.5594 1.9417
| 4. 1.0406 0.4586 2.0955
5 1.1365 0.3958 2.2231
2 04852 d.8001 2:3730 1.0855
, 3 0:6224 0.5552 2.9894 0.9681
4 4 0.7159 04422 3.5090 0.9002
5 0.7887 0.3739 3:9735 0.8534
3 0:3412 0.7084 1:6441 1:0892 2.3102
. 3 0.4392 0.4578 2.0164 0:8702 3.8344
5 4 0,4983 0.3487 2.3191 0:7632 3:2522
5 0:5402 0:2852 - 2.5849 0.6956 3.6091
2 0.2510 0:6482 1:3520 1:2622 29941 1.2030
3 0.3377 04117 1.7229 0.9663 3:9328 10985
6 4 0.3896 0.3100 3.0197 0:8302 b 7484 10398
5 0.4262 0.2513 2:2179 0.7465 5.4939 0.9999

- LE



Table A.2, Capacitor Values for Equal Resistor Thomson Networks

[T L PRI

Qrder. Gain ‘ ‘Ci 'QZ C3 1 C4 C5 C6

! L ‘ o i
1.2 0.0626  1.5623  0.6870  2.8187  1.4748  1.8199 70
1.6 0.1438  0.7762  0.9392  1.5432  1.8278  1.4057 57

7 2.0 0.1915 - pIss48  1.0976  1:1910 21212 1.2281 42
2.6 0.2363  0.3992  1.2767  0.9481  2.5072  1.0846 93
3.0 0.2570 - 0.3387  1.3759  0.8532  2.7416  1.0233 873
4.0 0.2924  0.2475  1.5861  0.7065 ~ 3.2758  0.9236

7 5.0 0.3151  0.1958  1.7631  0.6189  3.7603  0.8604
6.0 0.3313  0.1623  1.9195  0.5587  4.2110  0:8154

8¢



Table A.3. Resistor Values for Equal Capacitor Thomson Networks

Or e

N i B B i i K
. i : ' s 2 'y iy
O?der Gain .Rl R2 : R3 R4 R5 R6
L) iy
2 Z L.732] Q.5774
2 3 2.1889 Q.4569
- 4 2.5243 0.3961
5 2.8025 0.3568
< 2.0 0.4870 1.0376 1.9790
; L 2.2 0.4613 0.8010 2.7061
i 2.4 0.4091 0.6347 3.8513
. 2.6 0.3347 . 0.4925 6.0671
2.8 0.2315 U.3443 12.5497
- 2.0 0.2406 2.0999 2.9604 0.6685
y 2.2 0.3186 1.2190 4,2133 0:6111
4 2.4 0.3246 0.8750 6:1415 0:5732
2:6 0.2971 0.6367 9.8629 0:5452
2:8 0.2193 0.4197 20:7728 0:5231
. 2.2 0:1i61 1:3452 - 1.0929 0:9753 160084
5 2.4 0. 1004 0:6753 1.0725 0:6856 200547
2:2 0.0950 1.4848 1:0782 1:3084 8:1726 0:6151
8 2.4 0.0933 0:7144 1:1456 08228 276322 0:5761
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Table A.4. Capacitor Values for Equal Resistor Butterworth Networks

T 1 Py B v v 1 - D v
Order Gain Cl 02 C3 C4 C5 C6
1 0.7071 1.4142
o 2 1.1441 0.8740
2 3 1.4142 0.7071
4 1.6283 0.6141
5 1.8113 05521
1 0.2025 3.5468 1.3926
, 2 0.6761 0.8671 1.7058
3 3 0.8660 0.6172 1.8708
4 1.0000 0.5000 2.0000
5 1.1064 0.4285 2,1091
2 0.4338 0.8519 2.3041 1.1746
) 3 0.5748 0.5752 2.9187 1.0361
4 4 0.6704 0.4526 3.439. 0:9581
5 0:7444 0:3798 3.9071 09050
2 0.3087 0.7418 1.6294 1.2165 3.2039
; 3 - 0.4124 0.4715 2.0179 0:9485 2.6865
5 4 0.4752 0.3565 2.3309 0:8224 3.0798
o 5 0:5198 0.2902 2:6049 0.7443 3.4198
2 0.2262 0.6512 1:3294 1:3644 2.9118 1.2853
3 0.3128 0.4088 17088 1:0216 0:8487 1.1642
6 4 0.3650 0:3060 2.0103 0:8696 4 ;6683 1.0977
5 0.4019 0.247% 2.2718 0.7766 5.4193 1:0530

oy



Table A.5.  Resistor Values for Equal Capacitor Butterworth Networks

’ § rya

Order 'Ggin : '/ 'Ri R2 R3 ‘ R4 Ré Ré
'y viy )
, 2. 1 4142 0.7071
2 3 1.9319 0.5176
4 2.2882 - 0.4370
5 2.5779 0.3879
2.0 9.4348 1.4694 1.5652
2.2 0.4538 1.0086 2.1849
3 2.4 0.4196 0.7590 3.1401
2.6 0.3520  0.5709 4.9762
2.8 0.2483 0.3903 10.3195
2.0 0.1339 3.8931 2.4792 0.7736
) 2,2 0.2696  1:4915 3.6435 0.6826
4 2.4 © 0.2963 0:9992 5.3667 0.6294
2.6 0.2779 0.7012 86661 0:5921
2.8 6.2154 R 450d 18.2944 0.5639
| 3.3 o073 i:sid 1:1432 10955 49266
5. 2.4 00985 0.7187  1:1343 ;7447 16:7005 .
2.2 0.0839 i.s988 10805 dddey  f.0k0d  0.663s
B A 0:0884 1 0:7375 11840 0.8833 24,0192 6:6123

v



ol At

Table A.6.

g«ll

)
Py

Y3

SRR

oy

Capac1tor Values for Equal Resistor Chebyshev 0.5 db Rlpple Netx\/v“orks;

Ordet Gain c c; c. c; c;
1 2 3 4 5
1 0.5788 1.7275
2 - 1.0535 0.9492
2 3 . 1.3305 0.7516
4 1.5479 0.6460
5 - 1.7330 0.5770
1 0.0681 8:5676 1.7136
4 2 0:5483 0.8891 - 2.0512
3 3 0.7320 0.6202 2.2026
4 . 0:8645 0.4990 2.3183
5 0.9712 0:4263 2:4150
2 - 0.3281 0:8135 2:4043 1:5584
3 0.4588 0.5383 3.0750 1.3167
4 4 0.5495 0:4208 3.6386 1.1888
5 0.6204 0:3521 4.1428 1.1050
2 0.2136 0.6461 1.5477 1.5666 2.9883
B 3 0.3072. 0.4118 1.9998 . 1.1638 3.3966
5 4 0.3682 0.3133 2,3555 - 0,9843 3.,7392
: 5 - 0.4135 0.2564 2.6616 0.8764 4,0436
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Table A.7.

R TR U O

'.(.nl(.

Re51stor Values for Equal Capacitor Chebyshev O 5 db Ripple Networks

[

. . { R I ‘ ; S B . ." b :
er Gain Rl R2 3 .R4 R5
2 1.1578 0.8637
, 3 1.7364 0.5766
2 4 - 2.1070 . 04746
5 2.,4051 0.4158
; 2.0 0.2398 2,4854 1.6781
o 2.2 0.3388 1.2859 12,2954
3 2.4 0,3483 0.8938 3.2118
2.6 0.3131 0.6419 | 4.9748
2.8 0.2338 04232 10:1141
2.2 0:1670 1:7439 3.3868 1.0i41
2.4 -0.2105 1.0431 5.0773 0.8970
4 2.6 0:2125 0.6921 8:2762 0.8214
3.8 0;1743 0:4257 i7.5762 0:7668
| 2.3 050714 i .5687 1:1796 15637 4.8436
5 2.4 0.0791 0:7048 1.2301 0:9168 15,9009

1 %4



Table A.8. Cépacitbr Values for Equal Resistor Chebyshev 1.0 db Ripple Networks

TAH T ta

T - v v T 0 .
Order  Gain o Ci . 02 ,Cj 04 Cé
1 0.5284 i.8927
, 2 1.0190 0.9813
2 3 1.2985 0.7701
4 1.5171 0:6592
5 1.7029 0.5872
1 0.0462 11,6895 1,8503
2 0.5176 . 0.8798 2.1958
3 3 0.6969 0.6118 2.3454
4 0.8269 0.4918 2.4591
5 0.9320 - 0.4201 2.5538
' 2 0.3116 0.8028 2.3922 1:6711
3 - 0:4401 0:5299 3.0783 1:3930
4 4 ' 0:5295 0:4139 3.6529 1:2493
5 0:5996 0:3463 4;1662 1:1561
2 0:2017 - 0:6248 1:5107 16044 3:2735
3 0.2925" 0.3988 1:9672 1:1836 3,6751
: 5 0:3970 02491 2:6377 0.8896 453100

%



Table A.9. Resistor Values for Equal Capacitor Chebyshev 1.0 db Ripple Networks

'Qrder Gai_n 31 R2 , R3 R4 R5 ‘
3 L0567 0.9463
- 3 6394 0.6026
2 4 © 2.2038 0.4907
5 2.3392 0.4275
B 2.0 10,1936 2.8776 1:7954
’ 2.2 0.3065 1.3384 2.4377
3 2.4 0.3239 0:9126 3.3836
2.6 10:2963 0:6484 5.2042
2.8 ©0.2245 0.4238 10.5172
2.2 0.1528 - 1.7781 3.2575 1.1299
- 2.4 0.1976 1.0437 4,9297 0.9835
4 2.6 0.2022 0.6863 18.0784 0.8921
' 2°8 0.1674 0.4194 . 17.2160 0.8274
2.2 0.0663 15408 1:1517 i.6517 5:1547
5 2.4 00756 0:6913 1.2236 059402 166267

Sy



.APPENDIX B
. ACTIVE AND PASSIVE ELEMENT SENSITIVITIES

_The.sensitivities given in these tables were calculated using

the. sensitivity.definitions developed in the text.
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Resistor Sensitivities for Equal Resistor Thomson Networks, Orders 2 - 5
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Capacitor and Gain Sensitivities for Equal Resistor Thomson_Networks, Orders 2 - 5

Table B.2.

(ST T

[

Gain

Order

2B T O
SO Oy T DTN
IO O et

[ T R |

TN OV NN O
\692/4r

OOAlll

> 0. O O
Slte SR NGO
— =i~ =i

—r O OGN

2,21

=N < O~ OV
NO N NG N0
R T o e

rr
L0 o N
"~ ® 6
oo 0.0

N N SN

R e B o e e e |
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OO ION
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Table B.3. Resistor SensitiVities for Equal Resistor Thomson Networks, Orders 6, 7

. S S . S S S .S
Order Ga;n, Rl o ‘RZ ' ‘R.3 R4 RS R6
1.6 1.25 -1.10 1.08 0.91 0.52 0.37
9 2=O N 1.58 "l~48 1.21 l-ll“ 0-57 0-38
3.0 2.44 -2.57 1.68 1.71 ~0.70 0.49
4.Q 3,38 -3.81 2,21 2,31 -0.87 0.62
5.0 4,42 =5.17 2,79 2.94 -1.03 0.77
o | S i | S R oot LE I [
1.6 1.29 ~2,02 1.73 0.71 -5.90 0.39 0.57
. 2.9 1.68 -2.54 1,95 0.66 ~0.71 0.51 0.59
7 3.9 2.69  -4.05 291 -1:29  -1.08 0.8 0.63
4.0 381 =572 49 231 148 1.3 0.67
5.0 5.04 -7.49 5.73 -3.60 -1.91 1.84 0.69

6¥



' Table B.4. Capacitor and Gain Sensitivities for Equal Resistor Thomson Networks, Orders 6, 7

Oyl e o ) \ e \ . e ,

. ord_er “Gain ' Sci ' Sc2 ' SCB" SC'.4 ' Scs' ch Scé Sx
[ U o o ! ) ; t . '
1.6 1.81  -1.91 1.54 2.03  -1.20 0.70 ~4 .49

’ 2.0 - 2.38  -2.54 1.91 2.61  -1.46  0.84 =4 .4
.6 3.0 3.95 -4.24 - 2.97  4.03  -2.08 1.18 ~3.6}
4.9 5.7 =611 4.14 5.47  =2.60 1.5% ' =7.20
5.0 7.66  -8.16 5,40 6.94  -3.11 1.83 -9.01
i.6 2.43  -3.50  2.59  2.37  -2.05  1.10  0.44  -7.82
2.0 3.31  -4,51 3.18 2.68  -2.56 1.36 0.51  ~7.64
7 3.0 5.73 -7.78  5.24 3.00 -3.92 2.17 . 0.64 -10.10
4.0 8.48 -11.70 7.88  -3.95  -5.36 3,07 0.75 -14.00
5.0 1150 -is.90 11,00 -6.01  -6:84 4.07 0:85 -18:80

o<
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Resistor Sensitivities for Equal Capacitor Thomson Networks
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Table 3;6;

Capacitor and Gain Sensitivities for Equal Capacitor Thomson Networks
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Resistor Sensitivities for Equal Resistor Butterworth Networks

Table B.7.
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[\Ar-irv‘t.":,'. A o . : L] P . . e
Table B.8. Capacitor and Gain Sensitivities for Equal Resistor Butterworth Networks

U ooy auy g g én)' S'-i‘~| S..ni‘
Order Gain - Ci 'C2 Qé C4 C5
| P IR Y
1 ~0.98 0.21 1.
, 2 -1.59 0.73 1.24
2 3 -1.97 1.08 %;j
4 -2.28 1.37 .74
5 -2.,53 1.62 1.95
i -0.75 0.35 -0.60 6
, 2 -2.18 1.69 -0.85 3.
3 3 -2.88  2.48 -0.99 o 3.1
- i -3:41  3:08 ~1.09 - | 4
5 —3;87 ' 3.60 ~1:17 4
1.2 -1:66 2,04 -2:03 0.74 10:
/ 2 -3:82 4:38 -2.80 0.83 8.
! 3 -3.78 6.61 ~3:54 1.30 9.
: 4 -7:54 8.64 ~4:17 1:74 1i:
5 ~9;21 10:60 -4 .74 2:15 i3;
1:2 ‘ -2.37 5:42 —4.59 1.63 -0.57 31.00
2 -6,11 9.41 -5,97 2.07 -(.:82 19.30
5 3 “9.47 . 13.90 ~8.06 350 -1,08  %2.00
4 - -17.860 18.20 -10:20 4,98 -1.25 = 26,30
5 -15.50 22.30 -12:30 6.50 =141 30.80

7S



"Resistor Sensitivities for Equal Capacitor Butterworth Networks
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"Table B.10. Capacitor and Gain Sensitivities for Equal Capacitor Butterworth Networks

Uiy v s.. S: : S, St St S
_ Order Gain | Ci | C2A _ C3 C4 C5

1.4 ~1.28 Q.45 1.

; 2 -1.48 0.62 1.

2 3 -1 71 i;gs 1.

4 ~1.90 .01 1.

5 ~2.07 1:17 1.

2.0 ~3.33 . 2.76 -0.73 5.

2.2 -3.59 - 3.35 -1.15 6.

3 2.4 -4 .26 4.56 -1.79 : 7.
2.6 ~5.65 ~7.08 -3.02 4 i1.

2.8 -9.54 - 14,70 © -6.62 ' 23.

7.0 -12.50 1290 -i.81 0.66 \ 25

2.3 - -8.28 8.67 -2.55 0.62 16.

4 3.4 - -9.13 10.50 -3.73 0.65 is.
2.6 -11.7d 15:30 -6.06 0.68 28,

2:8 ~-19;40 " 30,70 -12:%0 0,72 50.
2:1 —3750 44 ;50 -7.10 3:84 -1:37 88:3

2.4 ~63 .40 95,01 -30:00 16.00 -8.11 184!

9¢



Table B.11. Resistor Sensitivities for Equal.Resistor Chebyshev (0.5 db

Ripple) Networks

S

N

S5

Order éaln Ri Rz 3 RZ

1 ~0.19 ~0.19

., 2 =055 0:21

2. .3 -0.75 038

| 4 -0.91 0.53
5 -1.05 0.67
1 0.54 0.60 -1.08

2 -1.,08 1.40 -1.10

3 3 -1.55 1.87 -1.09

: 4 -1.92 2.25 -1.12
5 L =2,24 '2.58 -1.13
1.2 -3,80 4,17 -2:30 -1.74
2 "6'612 6:59 "'2;49 _2.08

Z" 3 _8.34 9 524 "'2588 —2;50
4 -10,30 11.70 -3.26 -2,91

LS



'fé‘:bie B.iZ; Capac1tor and Gain Sensitivities for Equal Resistor Chebyshev
(0.5 db Rlpple) Networks

. Order  Gaid ‘ 5oy ey >ty %, %

. 1 - 20.62 d.27 1.29
2 - -1.33 0.94 1.41

3 -1.74 1:36 1.68

4 -2.06 1.36 1.92

5 -2.34 1.96 2.15

1 0.43 0.60 - -0.83 25.40

; 2 -2,08 3.04 . -1.15 5.63
3 3 -3.93 4,33 -1:31 A 6:11
4 " =480 5.34 -1:43. 6.74

5 ~5.54 6.20 -1.53 7:36

1.2 -5.16 5.68 , -3.40 -2.11 32.60

2 -9.77 10.80 -4 .14 -2.79. 20.60

4 Z- ~14.30 15.90 -5.00 -3.64 22.60

—18640 ‘ 20570 _5076 —4346 25&90

8¢
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TS R T S T e S e S U R D B S PU S
Table B.13. Resistor: Sensitivities for 1‘Equal Capacitor Chebyshev (0.5 db Ripple) Networks -

S ’ ' S: S S

Ordetr Gain R{ R, Ry R;
2 -0.62 ) - 0.27
2 3 -1.85 - 0.67
4 -1.33 0.9
5 -1.55 i.17
2.0 0.40 -~ 0.69 ©=0.99
2.2 -0.85 1:29 -1.24
3 2:4 -1.27 1.88 -1:40
2.6 -1.83 2.57 -1:54
2.8 -2.92 3.77 -1.64
2.1 -3.25 3,59 -2.38 -2.05
| 2.2 -4.,33 . 4453 - =245 ~2,08
Zl- 204 —6.39 6.50 -2557 '—2.15
2,6 -9.09 9,24 -2:68 -2.23

6S



..Table‘B;l4. ‘Capacitor and Gain Sens1t1V1t1es for Equal Capacitor Chebyshev
o (0 5 db Rlpple) Networks

Y \;.l,x ) ' S ) g

a-
e

Qrder Gain | 'Ci 9 3 A

2 b2 0.8 1:29

3 -1.48 1.10 1.29

2 4 -1.68 1.30 141
3 -1.86 1.48 1.55

- 2.0 ~6.74 6.72 g.81 13.10

2.2 -5.89 6.17 -1.34 11.30

3 2.4 -6.67 7.58 -2.12 : 13.20
2.6 -8.64 - 10.90 ~3.65 18.20

2.8 ~14.30 21.00 -8.14 - 33.90

2.1 -29.00 31.50 -3:13 ~2.37 61:20

2:2 -33.00 25:10 -3:67 -3.32 47.00
4 2.4 -31.90 34,90 -5,32 -2:39 ©h440
2.6 -23:70 . 33:10 -8:70 -2.30 55:30

09



Table 3.15, Resistor Sensitivities for Equal Resistor Chebyshev (i.O db Ripple) Networks -

= o ‘ s, S S S
Order‘v Galq Rl | .R2 R3‘. R4
1 -0.35 -0.35
v 2 ~ -0.80 0 0.29
2 3 ~1..06 7 0.48
4 -1.26 Q.64
5 -1.44 : 0.79
{ I f i L
1 .63 0.76 -1.10
2 -1.90 1.75 -1.14
i 3 ~2.54 : 2.72 . -1.17
4 -3.05 2.81 - =1.19
5 -3.50 3.25 -1.21
i.2 -3.65 5.30 -2.62 -1.91
2 -6.64 8.14 -2.75 -2.33
4 3 -9.51 - 1130 - -3.14 -2.83
4 ~12;10 1430 -3:52 ~3:34

T9



Tabie B.16. Capacitor and Gain Sensitivities for Equal Reéistor Chebyshev
(1.0 db Ripple) Networks

. S : S S S
Qrder Gain Cl. 02 03 C4
o | C v
, 1. -0.84 0.31
= 3 -1.74 1.08
2 3 ~2,26 1.57
‘ 4 . -2.66 ' 1.97
5, =3.00 . 2.31
1 071 0.79 -0.88
: 2 -3.88 3.55 -1.22
3 3 ~5.33 5.05 : -i.37
4 ~6.48  6.28 ~1.49
5 ~7.46 7.32 -1.60
1.2 -5.48 . 7.03 . -3.76 ~2.42
, 2 -11.50 13.00 -4 40 2329
4 3 -i7.10 - 19.10 -5.25 -4 .35
4 -22.00 24,80 -6.04  -5:36
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Resistor Sensitivities for Equal Capacitor Chebyshev (1.0 db Ripple) Networks -

(ST

Gain

~ Table .B,17.
Order
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Table B.18. Capacitor and Gain Sensitivities for Equal Capacitor Chebyshev
(1.0 db Rlpple) Networks : .

Uhi b [T S( .o g . S ’ . Sa

Order Galn ‘ACl 02 C3 C4
o . Lo oo
g 2 -1.71 1.05
2 3 -1.95 1.27
4 -2.19 1.51
5 2.41 1.72
2.0 ~9.70 9.13 ~-0.85
2,2 =7.75 7.49 -1.40
3 2.4 -8.55 8.92 -2.23
2.6 -10.70 12.60 -3,87
2.8 ~-16.80 - 23.80 ~-8.67
2.1 -37.70 41.60 -3.38 ~2.86
) 2.2 -28,80 31: 80 -3.92 =277
4 g.g -25.5( 30.20  -5:63 ~2.71
v2;

-39, 50 37.80 -9:19 22.72

%9
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