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ABSTRACT

There are several synthesis methods using operational
amplifiers for realization of high—Q'active RC networks., Among them,
the state variable synthesis method has been proven to be a most use=
ful realization.

Studies in the literature have indicated that the state
variable network is limited in usefulness particularly for high=Q
at higher frequency because for a given set of network element values,
the change in the pole locations of this network is very significant to
network performances when the gain bandwidth product of the operational
amplifier becomes small,

This thesis finds network element values for a desired Q,
in other words, for a specified voltage transfer function, taking into
account the non-idéalness of thé amplifiero The amplifier ié character=
ized by a one-=pole rolloff model including the finite input and non-
zero output impedances., |

The actual realization of the network elements of this
cifcuit is implemented by two separate computer programs which are
written in Fortran. The first program is made‘for the analysis of
both the ideal and the finite gain operafional amplifier cases for the
sixteen combinations of the passive elements in an equal éapacitor
type. The second program is made for the analysis of the noﬁ—ideal

operational amplifier case for one of the combinations mentioned above,
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CHAPTER 1

INTRODUCTION AND STATEMENT OF THE PROBLEM

1.1 _Historical Background

Active RC networks are very often a necessity especially
when the reduction in size and weight is a major concern, ' Since
inductors are physically large and expensive at low frequencies and
narrow bandwidths and since it is virtually impossible to realizé
practical inductors in integrated circuits, many stgdies have been
made on synthesis methods for inductorless networks,

Owing to the advéﬁt of integrated circuit technology, the
operational amplifier has-béen used as an economic and versatile
active element in synthesis methods of high-=Q active RC filters;
Thpugh several methods using operational amplifier exist, it has
been proven that the state variable synthesis method is a most use=
ful realization of high-=Q active RC networks,

The state variable network is shown in Fig, 1.1, It con~

sists of six resistors, two capacitors and three operational amplifiers,

. This network was presented by Kerwin, Huelsman and Newcomb (1967),
The paper which introduced the network in Fig, 1,1 will be referred
to the KHN paper from now on, This network is commercially availe

able (Burr-Brown, 1973),



1.2 Statement of the Problem

Since'any higher order network can be realized as a cascade
of first orrsecondnorder networks, the second-order network only is
taken into account here. It is shown in the KHN paper that the
second-order transfer funcfion can be obtained with low Q sensitivity
"to the passive élements and the active elements.at Q's less than
1000. Moreover, this network may be used to obtaln bandpass, high-_
pass and lowpass realizaiions simultaneously. This network i§,
however, limited in usefulness, particularly for high-Q at higher
frequencies, because of its dependency on the gain and phase vs,
frequency characteristics of the operational amplifier (Tarmy and
Ghausi, 1970). These characteristies are shown in Fig, 1.2, For
simplicity, only the bandpass realization of the second-order state
variable network is treated in the following text, |

The following questidns will be studied thoroughly, resulting
in two computer programs.

i, Which combination'of thé eight passive elements in Figo 1.1
results in the best netﬁork pefformance in terms of fhe
element spread and the sensitivities of pole, Q and center
frequency to the passive elements?

2, What effects does the finite gain of the operational
amplifier have on the passive element values and the limita=
tion of realizable Q7

3, How do the passive element values vary due to the frequency
depgndency and the non—ideal input and output impedances

of the operational amplifier?



The study for the questions 1 and 2 will result in the
first computer program in Fortran which is described in Chapter 5,
The second computer program in Chapter 5 is used to answer the

question 3,
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CHAPTER 2
THE ANALYSIS I

The analysis I in thié'chapter and the analysis II iﬁ
Chapter 3 are based on open=~circuit voltage transfer function in
the complex frequency domain where s is.the complex frequency
variable, The coefficients of the transfer function are specified to
obtain some desifed network performance, The purpose of these analyses
is to find the>defining relations by which the given coefficients
~are interrelated to the network elements. These defining relations
are required for the synthesis method which will be discussed in

Chapter 4,

2,1 The Ideal Operational Amplifier

It is assumed here that each amplifier in Fig, 1,1 is
considered as ideal, i.e., infinite gain, infinite input and zero
output impedances.,

In general, the transfer function for the bandpass realiza-

tion of Fig, 1,1 is

Yout(s) _ -~ Hs (2.1)

Vin(s) s‘?‘ + ay s + a,

T(s) =



The defining relations are‘easily derived, They are

G1G4s1 (G5 + G6)
a =

1 Gy §G3 + Géj (2.2a)
G.GGS S
N - 17251 2
° Gg (2,2b)
G1G331 (G5 + G6)
H = .
Gg (G3 + Gq) - (2.2¢)

Where the Gi are conductance and the S.l are the reciprocal of capaci-
tance, From Egs. (2.2a) and (2.2¢c) the relation between a; and

H is

H = -’——al (203)

Tt is seen in Eqs. (2.2a), (2.2b) and (2.2¢) that the
eight elgment values must be determined from the only three eéua«
tions, Thus five out of the eight unknbwns'may be arbitrarily set
to unity. Before .choosing these, it is noteworthy that an equal
capacitor network has a decided cost advantage over an equai resistor‘
fypeo For the equal capacitor type, there are twenty possible
combinations in which three resistors may bé set to unity, The -
sixteen cases considered here have the common characteristic ﬁhat
the unknowns in each‘Case depend only on the coefficients whichsare
speéified for a desired Q, In the other four éa5955 at least one of

the unknowns is found to be negative at Q's greater than 2,



For the sixteen cases of the equal éapagitor type, the
unknown resistor values are obtained as well as the value of element
spread and various sensitivities, The element spread is defined as
the ratio of the maximum to the minimum element value, Sensitivities
will be discussed in section 2.3, An additional case, the equal
resistor one, is also considered for the sake of comparison, The

above analysis is implemented by the program I in Chapter 5,

2.2 PFinite Gain of the Operational Amplifier

It was assumed that the amplifier was ideal in the
analysis of the previous section. Such an assupmtion gives results
which disagree with the actual circuit's performance particulafly
for the high~Q case, In actual fact, the amplifier has a finite gain.
It, as well as the input and output impedances may also depend on
frequency., In this section an analysis is made to find the-transfér
function with the assumption that the amplifier has a finite gain over
all frequencies and infinite input and zerc output impedaﬁceso Now
the amplifier acts like an ideal voltage controlled voltage source as

shown in Fig., 2,1 such that

Vous = K ° Vs (2.4)

where K is a negative constant,



By replacing each amplifier by the model in Fig., 2.1, the
equivalent circuit of Fig, 1.1 can be redrawn as.shown in Fig, 2.2,
By using parallel ideal voltage sources, the circuit is now broken
into three interdependent subcircuits as shown in Fig. 2.3. From the
summer circuit, the following equation is obtained

(G4 + GGy (G4 + cu)[c5 + Gg(1 - KBH ,

vin =

Va =
G3(G5 + G6) 8 GBKB(G5 + Gé) G3

(2.5)

From the integrator circuits, V8 and V4 can be expressed in terms of

V6 as below

Gy + (1 - Kl)Cls

y = Ve 2.6
G,K
2h2
V8 = V6
Gy + (1 = K,)CpS (2.7)
By substituing Egs. (2.6) and (2.7) into Eq. (2.5), the overall
transfer function is obtained using V6 as the output voltage vout'

The general transfer function for the network in Fig. 2.2 can now be

written as

r(s) o Jout(s) _ T Hs* b (2.8)
vin(s) s + ays + a,



Division of the numerator and denominator polynomials by the co-
efficient of the second-order term of the denominator polynomial of
the overall transfer function gives defining relations between the

coefficients of Eq. (2.8) and the network elements, They are

1 1
E S S + G —_— -
3 T G,G,S, (G5 ¢ ( < 1) (2.9a)

= —1—~{ S,5,G,G.G. (G, +G,) + ! 5.5.660G (¢ +G)+
8, D L~ P19t totg \Eg T by K, 1212k s 6

1 Gs 1
o 5,5,6,C, (c3 +6,) _ES + G (_I_(5 - 1)]}- (2.9b)

1 1
H= - G1G381 (G5 + G6) (-75; -1) (2.9¢)
b = 1o coees,s (Ge + Gg) 1 (2.94)

Gs 1 1 1

where D = (G3 + cq) [ — 4+ G (= = 1)] (— =1) (" =1)
Kg 3 Kj Ky K,

the Gi are conductances, the Si the reciprocal of the capacitances,

and the 1(.1 the gains of the operational amplifiers as shown in

Figo 2424
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From Eq, (2.9d), it is obvious that consideration of finite
gain of the amplifier moves the zero of the transfer function at the
origin to the négative real axis., It will be shown in Chapter 5 that
this movement is negligible even for high-Q caséo -

The simultaneous set of nonlinear equations given in (2,9)
may be solved, by the use of a computer., For each of the-sixteen
cases of the equal capacitor type mentioned in the previous section,
the above equations will be solved iteratively using the Newton=
Raphson method which will be studied in Chapter 4, As in the ideal
amplifier case, the element spread and the sensitivities will be
obtained as well as the optimum set of network passive elements for
each case, This task is also carried out by the progfam I in

Chapter 5.

2,3 The Sensitivities

As mentioned in Chapter 1, the state variable network can
be obtained with low sensitivities to passive and active elements
for moderately high-Q realizations. It is, however, worthwhile to
find the various sensitivitles for each realization discussed in
Sectigns 2,1 and 2,2 since such a sensitivity study will be used as a
_c?iteria by means of which the perférmance of each realization can
be evaluated and compared with the o’r;hersn it is one of the purpdses
- of fhe pfogram I in-Chapter 5 to give the user as much information
~for each realization as possible. As for sensitivity, the following
. types are obtéined with reépect to passive and active elémentss ¢o~

efficient, pole, Q, and center frequency sensitivities, BEach
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sensitivity is generally defined as the ratio of normalized change in
a network parameter y to normalized change in a network element x

such that

6
&Y y/y

X 8x/x (2.10)

In our sensitivity study, x could be any one of the passive elements
and the gains of the operational amplifiers, while y could be one of
the coefficients, the upper left half plane pole locations, the

center frequencycoo, or Q. It is noteworthy that at the center fre-

quency, QO

T
S = -8, (2.11)

where a, and T are defined in Eq, (2.1) for the analysis in Sec, 2,1

1
and Eq. (2.8) for the analysis in Sec. 2.2. For most high-Q cases,

the variation of transfer function magnitude is usually maximum at

T(J w,)
@ since Sx is the frequency of maximum signal output. Since
T IT) Arg T
Sx =395 « + jArg T Sx at coo, the coefficient sensitivity for g,

shows how the magnitude and phase of the transfer function is vary-
ing in response to the normalized change in x. Program I is designed

to calculate all the sensitivities referred to above,
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The First Integrator Circuit
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CHAPTER 3

THE ANALYSIS II

3,1 AC Characterization of the Operational Amplifier (OA)

As mentioned in Section 2.2, a real OA does not usually
maintain constant gain and input and output-impedance characteristics
over the frequency range of interest. This chapter discusses the
frequency dependence of the open-loop gain and the impedances as well
as the modifications to the analysis method due to this,

The integrated-circuit (IC) OA's have high dc gain which
starts rolling off at a certain frequency. Since the high open-
loop gain has to be realized by cascading several stages, a stability
problem is involved. There are numerous methods avaiable to shape
the frequency response so that stable operation is guaranteed,

Among these single-pole compensation is widely adopted in the inter-
nally compensated IC OA's, In the present discussion, the single-
pole compensation is assumed for the OA's whose characteristics are

shown in Fig, 1.2. Thus, the open=loop gain K may be expressed as

Ko @%

K(s) = (3.1)

s tQ
c

where Ko is the negative open-loop dc gain and Goc is the cut-off
frequency of the compensated pole, The frequency dependency on the

14
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voltage gain has been studied and analyzed for its effects on various
networks by Budak and Petrela (1972).

Generally, there are twé kinds of resistances in the model
for the input circuitry of the OA. One is the differential input
resistance Rid’ and the other is the two common-mode resistances from
each.of the two inputs to ground., Since the commqn—mode resistance
Rcm is much larger than the differential input resistance, the effect
~of Rcm can be neglected for most of the practical applications. The
output resistance Ro is also seen at the output terminal of the real OA.
TheAequivalent circuit of a non=ideal OA incorporating input resisfance
and output resistance is given in Fig, 3.1 where the voltage controlled
voltage source has been replaced by the Norton equivalent, The effect
of the input and output resistances of the OA was not studied by the
Budak and Petrela paper,

Strictly speaking, the input resistance Ri and the output
resistance Ro are also frequency dependent. However, this happens
'only near the 0=dB gain frequency and the change is usually very -
small, Therefore Ri and Ro are assumed to be constant, Generally,
this assumption holds true if the six resistors shown in Fig. 1.1 are

much larger than Ro and much smaller than Rio

3.2 The Equivalent Circuit

When the single-pole model of the OA is used for all OA's,
a fifth-order denominator polynomial results, The defining relations

by which the coefficients of the fifth-ordér polynomial are related
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to the network parameters are quite involved, As a result, it is
found that the analysis method used in Sec, 2.2 becomes complicated
since two resistors are added for each OA, Therefore a different
analysis method is used,

The model in Fig. 3,1 is used in the place of the OA, result-
ing in the equivalent circuit of Fig. 1.1. This circuit is shown in
Fig, 3.2 with every node numbered sequencially, Note that this circuit
contains only current sources as dependent sources, Therefore, it is
apparent that the nodal admittance matrix can be easily formed by find-
ing the admittances at each node. For simplicity of the analysis,
this circuit is broken into the three subcircuits exactly in the same
way as was done in Sec, 2.2. These three interdependent subcircuits
are shown in Fig, 3.3 with each node maintaining the same node number
as in Fig, 3.2. Now the admittance matrix is obtained for each sub-
circuit, Since each circuit has one dependent current source, its
output must be added to that of the independent current source at the
same node., For the first integrator circuit, the node equations in

matrix form are

r _ ¢ Y )
+ sC - - v
I6 Go1 1 0 sCq KIG01 6
I,| = 0 Gy - Gy vy (3.2)
I - sC -G G, +sC, +G, v
L) q 1 1 1 1 15 \ %
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Similarly, for the second integrator circuit,

(1,] (G, +sCc, O c,-xG. ) [v)
8 02 T 5% - Sv2 T Rotez Vg
Ig| = 0 G, - G, Ve (3.3)
) | -, -G Gptseyt ci?_) Kv7a

For the summer circuit, the node equations in matrix form can be

expressed as

PN d NN
I -
1 G3 0 0 0 0 G3 V1
16 0 G4 0 0] 0 -G4 V6
18 0 0 G5 0 -G5 o) V8
= (304)

I, 0 0 0 GgtGyy ~GgKGy Koy vy
\IZJ L-GB -G4 0 0 -Gi3 G-13+G3+GLb \VZ,

Since there are six nodes in the circuit, the 6 by 6 admittance
matrix is obtained as above. To obtain the overall node equations in
matrix form, Egs. (3.2), (3.3) and (3.4) must be added to form eight
simultaneous equations in matrix form,

Now the problem is how to derive the open-circuit voltage

transfer function from the 8 by 8 admittance matrix, The task is
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simplified by noting that

I, = 0 except for i =1 (3.5)

The above fact is true because there is no independent source except
at the input node 1 and because the output is assumed to be open=-
circuited, Utilization of Eq, (3.5) produces the following reduction

procedure, The general node equation in matrix form is

[ R a]

= YV (3.6)

where the bar under the letters indicates the matrix and

I nxl nodal independent current source vector;
Y nxn admittance matrix;
v nxl nodal voltage source vector,

Partitions of I, Y and V matrices in the following manner

SATREA . v,
P |
12 0 ﬂ ] § Vz
[ ]
el =11 = f 1o (3.7)
. [] [] e
. . ] .
ammen | Jeemel ||| |jeeaccmcece + ————— -
I 0 C A A
n J = nn
() . N ' R

give the matrix equations
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X = AZ + BV, (3.8a)
I, =0=0CZ+y' Vv (3.8b)
t

where X = [11, e * % In_l] ,

t s 1.
7 = [Yl’ V2, s e, Vn-i] and t indicates the transpose.

From Eqs., (3.8a) and (3.8b)

X = (4 -

BC) Z (3.9)

nn

By comparing Eq. (3.6) with Eq. (3.9), it is apparent that I, Y and

V are corresponding to 5,(5 - BC) and 2 respectively, The

nn
difference is that the orders of the latter are less by one. By re-

peating the above operation (n-2) times, the short-circuit y parameter

matrix is obtained

= (3.10)

Since 12 = 0, the open-circuit voltage transfer function is

V_(s) = V() = .-_yf.l_(i)_ (3.11)
oc Vi(s) Yoo(s) '

This iterative reduction operation is very amenable to computer

implementation,
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CHAPTER 4

SYNTHESIS

The synthesis problem in this chapter is how to find the
network element values from the defining relations which were obtained
in Chapters 2 and 3 for the given state variable network éonfigura=

tion,

4,1 The Ideal OA Case

From the analysis in Section 2,1, the general defining
relations, Eqs. (2.2a), (2.2b) and (2.2c) were obtained. For the equal
resistor type and the sixteen cases in- the equal capacitor type, the
relations pertinent to each case are easily found by substitﬁting the
unity values for the specified elements into the general defining
relations., They are shown in the program I by which the unknown net-
work variables are obtained, Since these relations are linear, there

is no need of a special technique to solve them,

4.2 The Finite Gain QA Case

As shown in Egs, (2.9a), (2.9b) and (2.9c), the defining re=-
lations are 'a simultaneous set of nonlinear equations which must be
solved for the unknown network element values. -For the solutionm of

22
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nonlinear equations, an dptimization approach is used. To introduce
this approaeh, the following terms are defined:

Parameters: These are the quantitiés whose values will be
determiﬁed to satisfy the requirments as closely as possible, The
symbols’xi(i =1,2, °° °, n) are used to represent these parameterS'

in the defining relations,

Independent Variables The performance of a network can be
described in either time domain or frequency domain through the usé of
an independent variable, In the complex frequency comain, a network
function may bé written N(s) where s is the independent variable.-

The symbol h is used for the independent variable, For the specific
values of h, the symbol hi(i =1,2, ° ¢ o, nh) are used, |

Defining relationss As introduced in Chapter 2, these are

functional relationships by which the parameters and the independent -

- variable of a given network interrelate to determine the network per-
formance, The symbol g(h, x) is used, where h is the independent
variable and x is the parameter vector with elements_xi, for the defin-
ing relation., For speéific values of h, the symbol 85 are used such

that

g, = g(h.va) (i =1,2, " °yn ) (401)
1 1 - h

Requirements ¢ These are the values of 85 which it is desired

to match as closely as possible. The symbol r, (i=1,2, ¢ o, nh)

are used for the requirements,
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Error Criteria: A positive scalar quantity which indicates

how closely the optimization procedure comes to an exact sloution.
The value of zero for the error means the exact solution is achieved,
The error function is defined as
n 2
) (r, - &) (4.2)
To apply the optimization technique to solve the nonlinear
equations, Egs. (2.9a), (2.9b) and (2.9c) can be rewritten using the
terms defined as ahove, Let gi(x) represent the coefficients of the
transfer function where i =1,2, * * *, nh. Since the independent
variable h is not used in this problem formulation, the constant n

h

refers to the number of requirements, r,, the desired values for the

i,
coefficients of the transfer function of Eq. (2.1) and xi represents
the network elements, namely the six resistors, the two capacitors and

the three gains of the OA's such that

R, for i=1,2,"*°*, 6

1
7,8 (4.3)
= 9,10,11

Il

xi = Cl,C2 for i

e
|

Kl’Kz'Kj for

Since the sixteen cases in the equal capacitor type are only consid-
ered, Ci and Ki are constant and three of the Ri are set to unity
values for each case, Therefore the three unknowns will be found with

the three given defining relations. Now Egs. (2.9a), (2.9b) and (2,9¢)
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become the defining relations, gi respectively

g (9 = Lfiorgrg (xg v x e - 0+ G (2wl - )]

X0 4 Xy 5 x11
X X
2°8 1 x X
[ -+ (— - v} (.t)
X9 Xio Xlo xg
&, (x)-——{x(x +x)+ 10(x5+x6)+x9x10 (x3+xq)
Xg {
[ + x, (—— - 1)]} (4.4p)
*11 5 Xy

1 1
&5 (5) e XX, Xg (x5 + xé)( < -1) (4,4¢)
where D = X;X,X_X (X + x )(——— - 1)(——- - 1) (___ - ]
277 8 X9 x10 x11 5 xll 1)
And the requirements are
ry = a, (4,5a)
r, = a (t.5b)
ry = H (4.5¢)

where 2, 2y and H are defined in Eq, (2,1) and their values are

given to specify a desired Q realization, The error function in
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Eq., (4.2) becomes
y= % (r, -8.) (4.6)

Now the optimization procedure is initiated by choosing a set of
initial values for Xi and the quantities gi-are determined, The next
step is to compute the error function y to see if it is less than
some specified maximum allowable error., If the error is not satis-
factory, the x, are perturbed by some optimization strategy. The
process is repeated until the quantities g agree with the requii'e-==
ments ri within a preset tolerance,

Numerous optimization strategies are available to find a
better set of Xy which has a lower error than the preceding set. |
Experience has shown than the Newton-Raphson method is .a most..
efficient way to slove the prdbiem at hand as long as a set of good
initial points are provided, However, the choice of the initial
points is not a problem here since.the solutions from the ideal case
in.Seco 4.1 are found to provide an excellent set of initial points
for this nonlinear equation problem. To see how the Newton-Raphson

strategy works, refer to (Huelsman§ September 1968)

4,3 The Non-Jdeal OA Case

In this section a discussion is given to show how the defin-
ing relations g, are formulated from the network function which was

derived in Sec, 3.2, The fbrmulation technique used here is based on
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the fact that the poles of the network function occur at. those points
in the complex frequency domain where the magnitude of the network
function takes on a very large (in theory, infinite) value. Thus, the
purpose 6f this technique is to find tﬁe network variables Xy whose
values will produce as large a value of the magnitude of the network
function as possible at the pole locations, This technique is called
complex optimization, It is much easier to apply with numbers whiéh'
get very small rather than those which get very large. Therefore, it
is more convenient to minimize the reciprocal of the magnitude

rather than to maximize the magnitude of the network.function at the
pole locations,

Now the complex bptimization is applied to the problem at
hand, For simplicity, one of the sixteen cases in the equal capacitor
type is chosen which has the minimum value of element spread, This is
the case 8 obtained by using program I, It must be noted that due to
frequency dependence éf the OA, each integrator now has two ﬁoles
and the summing amplifier has one pole, Therefore it must be guaran-
teed in order to apply thié optimization technique that these additional
poles do not influence the pole locations which are given to realize
a desired Q, They are found to be located far out in the left haif
plane, Since the coefficients are specified for a desil"edfé),,7 the
pole locations are easily'calcu1ated as the following,;

- + 4 2 2 oy
D)oy = = IV = (=) (4:7)

13V]
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where ay and ao are defined in Eq, (2.1), The.upper left half plane
pole Py is separated into the real and iﬁaginary parts which are
assigned the independent variables, h1 and h2 respectively., In case
8, Ru‘and R6 are only the unknowns, These are assigned the symbols
Xy, and Xg respectively, Note.the number of the defining relations g
must be equal to that of the independent variables hior This difficulty .
is easily overcome by separating the real and imaginary parts of the
reciprocal of the network function and assigning them as g, and g2
respectively such that.

1

i

Real

gl - .
Voo (By + 3h, %) (4,8a)

1
Inag (4.8b)
Voc (hy + 3hy, x) ~

€2

where v__ is expressed in Eq, (3.11) and x is the parameter vector
with elements X, and x,. The requirements are

6

r, =r =0 (4.9)

Now the same optimization strategy, i.e., the NeWton-Raphsbn method,
is aﬁplied to find'the values of‘x4 and x6 which makes the error
criteria, Eq. (4.6) as small as possible,

The complex optimization method of problem formulation has

many advantages over the non-linear equation problem formulation case
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(Huelsman, September 1968), Experience, however, has shown that for
the problem at hand the complex optimization method is more sensitive
to having a geod set of initial points than in the non-linear equation
method, The reason for this is th§t the optimization process is
carried out on the defining relation which is its reciprocal instead
of the network function itself. This difficulty can be, however, re-
moved by using the solution set from the finite gain OA case in Sec,
4,2, as the initial points.,

The optimization procedures in this chapter are implemented

by the two programs I and II which are described in the next chapter,



CHAPTER 5
THE PROGRAMS
The purpose of this chapter is to show how the synthesis
methods are carried out by the digital computer. It also includes
the instructions by which the reader can use the programs which are

written in Fortran,

5,1 The Program I

The program I includes & main program and eight individual

subroutines. A brief description of each follows,

MAIN <=  The program reads two input cards:

The first card contains the variable KDB in,

Format (I1), \

KDB = 03 The ideal OA case is only consid-
ered, Othez;wisep both the ideali
and finite gain OA cases are’treé.ted°

“The second card includes the three coefficiénts
of the transfer function in Eq, (2.1), the

three gains of the OA's an increment for differ-

entiation and a maximum allowable error for the

30
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Newton=Raphson method, Formai'(ggloao) is used,

The variables are

Al =

Xt =
XK2 =
XK3 =
DX =

"BMAX =

the coefficient of the first order in
the denominator polynomial.

the constant term in the denominator
polynomial.

the coefficient of the negative of thé
first order term in the numerator
polynomial,

the negative dec gain of the OA in the
first integratoro

the negative dc gain of the OA in the
second integrator.

the negative de¢ gain of the 0A in

the summer,

the incremental variation of the param-
eters for differentiatidno.

the minimum required Qalﬁe fér.the
error function y,.

If no specifications are made for the
variaﬁles XK1, XK2, XK3, DX and EMAX,
they are given default values as folloﬁso

8
XKi = XK2 = XK3 = =10

-6
DX = 10
=12
EMAX = 10



SPREAD ==

PRINT] ==

EQNMX =

NEWTMX o=
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the element spread value is found by using the

library functions, AMAX nad AMIN.

the values of all parameters x; are printed for

the ideal OA case., This subroutine has two en=
tries, i.e., PRINTZ and PﬁINTB for the finite gain
OA case, PRINT2 calculates bo which is the con-
stant term in the numerator,polynomiél of the
transfer function in Eq. (2.8). It also prints
out all parameters #i* PRINT3 finds actual value
of H against the user's specified value of H,
These.are the equations obtained by subtracting'
the defining relations g, in Sec. 4.2 by the
requirements 5o Thus a solution is obtained
when fhose equations have zero values,

The Newton-Raphson method is programmed to solve
thé non=linear equation problem, It reguires

the additional subroutines, i.e,, EQNMX, MXINV

and MXMULT.

MXMULT o

COEF1 —

The Gauss-Jordan Reductidn method is used to
implement the inverse of the Jacobian matrix in
the. implementation of the Newton-Raphsoﬁ algorithm,
Multiplies a square matrix by a vector.

The coefficients of the transfer funcfion in

Eq. (201), are expressed in terﬁs of the network

parameters X, . For the ideal OA case, the gains of
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the OA's take on very-large value such as -108o
This subroutine has one entry whose name is
COEF2 for the finite gain OA case, In addition,
the real and imaginary parts of the upper left
half pole and the center frequency are expressed
in terms of the coefficients mentioned herein,
They are stored in the array A in the same order
as described, .

SENS1 «— The sensitivity function in Eq. (2,10) is carried

out, The differentiation is calculated by

.

aa (x) ] Alx +Aax) - Alx =Ax) (5.1)

dx 2AX

1

where A is defined in COEF1., For the finite
gain OA case, the enfry, SENS2 is included which
calls COEF2 as SENSL does é;OEFia
Listings of the actual programs dre included in Appendix A,
For more specific user's instructions and example outputs, refer to

Appendix C,

5.2 The Program II

This program covers the non-ideal OA case mentioned in
Sec, 4.3, Since case 8 only is considered, the related parts are ex-
tracted from the program MAIN in the previous progrémo Besides the

slight changes in MAIN and NEWTMX, one additional subprogram,‘EQNMXZ
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must be added to the existing ones in the program I, For EQNMX2, the
8 x 8 nodal admittance matrix in Sec. 4.3 is reduced to &4 x 4 matrix to
simplify the analysis, This reduced matrix is stored in the complex
two~dimensional array Yi(4,4), In Appendix B, listings of the modified
programs, MAIN and NEWTMX1, and the additional subprogram EQNMX2 are
shown, The rest of the programs are same as in program I. The inter=-
nal structure of program II is essentially the same as that of program
I, Sinceiﬁhe 0A is considered as a non-ideal active elemenﬁ, an addi=
tional input card is required., This specifies the input and output-
impedance and the cut-off frequency of the one~pole model, These are
assigned to the foliowing variables using Format (7E10,0),

XI = one—dimensioﬁal array for the input impedances., The
first variable is for the first integrator, the second
for the second integrator and the third for the summer,

X0 = one-dimensional'array for the output impedances. The
entries are same as in XTI,

We the cut-off frequency, which is assumed to be same for

all OA's,

5,3 Results

This section displays a series of results which are obtained
from the programs I and II,

In Table 5.1, the results are collected from the output of
the program I for a realization with @ = 100, As shown in the KHN

paper, the sensitivities for each case are found to be below unity
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and they are not listed in the table, It is apparent that any case is
not decisively superior to others in terms of the element spread and
the sensitivities, In the last column of the tablev\note that the
numerator polynomial has a constant term, bo for the finite gain OA
,case’while it has only the coefficient of its first order term H for
the ideal OA case,

The effects of dc gain of the OA on the network variables
R4 and R6 are investigated for various Q realizations, The results
show thaf there is negligible increase in R6 with Q. Thus only the
variation of R4 is taken into consideration in Fig, 5.1, It is
observed from Fig, 5.1 that there is a minimum Ko which is required
for a desired Q realization. Thereforeg‘an appropriate minimum dec
gain is required for the OA's corresponding to each desired Q,
This observation results in Figo 5.2

From the program II, the effects of the non-ideal OA
charateristics on R4 and R6 are obtained to produce Tgble 5.2 and
Fig. 5.3. As seen in‘the results from the-program I, the effect
on R6 is again negligible. It is shown in Table 5.2 that>the cone
siderable change in Rq occurs at extreme conditions such as

in

R. = 10 and Rout = 10, For the data in Table 5.2 the following

conditions were assumed,

Q = 500
Ly
K, =-10 (5.2)
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The effect of the cut-~off frequency c of the OA on Rq is shown in |
Fig, 5.3, As expected, the change in Rq is apparent at the lower
value of o when sufficiently high Q is realized, For Fig. 5.3,

the following conditions were assumed,

K = 107

° 4
R, = 10 : (5.3).
R = 1072
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Table 5,1, Comparison of the results from the different combinations
of the passive elements for Q = 100,
Reallzed Elements Element Spread Numerator Coefficients
Unity Hand by
Elements
ldeal OA Finite Cain Ideal Finite Ideal CA Finite Cain
Case OA Cage CA Gain Case OA Caﬁe
(-107) Case  OA Case (-1c7)
{102
4L
Case 1 ¢ 100, — 10 — H 0.01 —
all c, 0.01
Resistors
Case 2 R, 1,01 1.0100 H 2,0 2,0
Cy =Cp = Ry 0,005 0,0040 202 253.14
Ry =R, =Rg R 1.01 1.0161 b, 0.0 -1,97828-3
Case 3 Ry 1,010 0.9902 H 2,0 1.9999
€ =Cy = Ry 0.005 0.0060 202 250,23
R, = R, =Rs Mg 1.01 0,9941 b, 0.0 «1.9979E-3
Case & ) 0.995 0.9930 h 2,0 2,0
Cy =C, = Ry 1.005 1,003 201 251,82
Ry = Rg =R 3y  200,0 250,01 b, 0,0 -1.,9920E-3
Case 5 Ry 0,995 0,9930 H 2.0 2,0
€y =Cp = By 1.005 1,0030 201 250,81
Ry = Rg = Rg Ry 0,005 0,0040 b, 0.0 -1 ,9920E=-3
Case 6 Ry 1.000 0,9960 H 1.99 1,9860
Cp=Cr= By 1,000 1.0000 199 249,31
Ry = Rs = Rg R,  199.0 248,31 b, 0.0 -1,99208~3
Case 7 ], 1,000 0.9960 H 1.9 1.9940
¢ =C, = Ry 1,000 1.,0000 199 250,31
Ry = n5 =Rg Ry 199, 249,31 b, 0.0 -1,5920E-3
Case 8 R, 199.0 248,69 H 1.9 1.99
¢ -Cp = R 1,0000 1,0000 199 248,69 .
By =Ry =Ry Rg 1,0000 1,0040 b, 0.0 -1,988E~3
Case 9 R, 1,01 1,0100 H 2.0 2.0
Cy =Cyp = R, 200,0 249,63 200 249,63
Ry = Ry = R5 Rg 1.01 1,0141 B, 0.0 ~1,9782E-3
Case 10 R, 1.01 1.0100 K 2.0 2,0
Cy =Cp = R,  200.0 249,63 202 253.14
R, = R3 =Rg Rg 0.9901 0.9961 by 040 -1.9782E=-3
Case 1t R, 1.01 1.0100 H 2.0 2,0
C =Cy = Ry 0,005 0.000 202 252,13
Ry =R, =R RS 0.9501 0.5861 b, 0.0 -1,9782E-3
Case 12 By 0,005 0,0040 H 1.99 1.99
Cy=C, = g 1,000 0.9560 199 2.8,69
Ry =B~ R, B 1,000 1.0000 b, 0,0 -1,9860E-3
Case 13 Ry 0,005 0.,0040 H 1.9 1.99
Cy = Cy R, 1,000 1,0000 199 249,08 -
Ry =R =Rs R 1.000 1,0040 b, 0.0 -1,9360E-3
Case 14 Ry 1,000 1,0000 H 1.9 1,99
€ =3 - Ry 199.0 248,69 199 249,58
Ry =Ry =Rg R 1,000 0,960 b, 0.0 -1,9880£-3
Case 15 Ry 0,101 0,9201 H 2,0 2,0
€y =Ch R, 200,0 250,23 202 252,76
Ra =Ry =Rg R 0,3901 0,940 b, 0.0 -1 ,9980E-3
Case 16 By 0,301 0,701 B 2.0 2,0
¢, = ¢, = ],  200.0 250,24 02 252,76
Ry=Rj=R Ry 1.0M0 1,0000 b, 0.0 -1,3080E-3
Case 17 Ry 1.°00 0,901 H 2,0 2.0
Cy =C, = By 0,005 0,080 200 281,75
Ry = K, =R, Ry 1.000 1.0000 b, 0.0 -1 ,99%0E=)
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Table 5.2, The effect of the input and output impedances on Ry, for Q=500,

Input Output Impedance

Impedance - -1

‘ 1072 10 1 10

104 1.1100E+3 - 1,1100E+3 1,1098E+3 1.1023E+3
103 1. 1101E+3 1 0:1-.101E+3 1,1100E+3 1,10358E+3
10° 1,1112E+3 1,11138+3 1,1122E+3 1/,11 56E+3
10 1,1224E+3 | 1,1235E43 1,13U4E+3 1,2531E+3
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CHAPTER 6
CONCLUSION

Although studies in the literature have indicated that the
non-ideal characteristics of the OA'slhave considerable effect on the
pole location of a KHN filter, especially for very high=Q realizations,'
no data has been given for the actual realization of network elements
for désired pole locations, taking these effects into account. As
shown in this paper, both the frequency dependency on the 0OA gain and
phase as well as the input and output-impedance have, in fact, notice=
able effects on the network element values, especially for high-Q
realizationo Through use Qf the programs I and IT, an optimum set of
network elements can be found which compensates for the effects of
the non-idealness of the 0A,

| | Further work on this network céuld be done, As mentioned
in Chapter 1, the KHN filter may be used to obtain lowpass and highpasé
realizations besides the bandpass realization which has been consideredv
here., ' The methods outlined can be readily applied fo these realiza-
tiéns with little difficulties since the general defining relations
which govern this filter cohfiguration9 have been already derived in‘i
th_is'texto In general, the optimization techniques mentioned have been

found to be very effective to study the effects of the non-idealness of

2



other controlled source realizations, producing an optimum set of

network element values,

b3



APPENDIX A

LISTING OF THE PROGRAM I



“o (2]

111
{15

115
121
124
146
154
154
163
174
171
177
205
205
247
217
221
225
22%
233
244
59
255
262
264
286
276
302
Ju2
306
307

MAIN

ks

PROGRAM MAIN(INPUT,OUTPUT, TAPE3I=INPUT)
DIMINSION &f(7) AP (7)) AMIT) 2S(L1+47) o XU11) 4L {3V NAMZULT7)F L3) FPERTIS
$14AAL343)483(3),CCLD
RIAL JACULC 213D 4 JASINVILI0, 1) oMIT)
COMMON/CIZFF /AL 3Dy H/SENS/NX2CX/GAINS /XKL,y XK2 4 XK3
DATA (HEMI (I oLz 7)oy HV MK NA/ZZHAL2HAG » 1HH ¢ BHRZALPOLE y QHIMAGPOLE,
$iHQL2HRC 1L 484,7/
kA0 13,K08
18 FORMAT(I1)
READ 24,81 ,Ad s Hy XKL ¢ XK2,XK3I DXyEMAX
FOrRMAT (8210.0)
IF(EQOF+3) 999,04
4 IF(XKL.EQsie) XK1=-1,.E¢8
IF(XK2,EQ.0.) XK2==1.5+8
IF(XK3.EQ.0¢) XK3I==1,E¢8
IF(DOX.ZQ.04) OX=1.2-0
IF(EMAL.ZQ., 3.} EMAX=1,E-12
Q= (S5QRT (A2 /A1
FRINT 39,214,040 sHyXKLyXK24XK340XycMAX,Q
99 FORHAT(*1SPECIFIZD COEFFICIZNTS,GAINS OF THREE OP-AMPS,INCREMENT F
BOR OIFFERIMTIATICN,MAXIMUM ZFRROR FXOM NEWTCN ALGORITHM AND Q
FH/5X s *ALP1I2X 3 A0 1 LX*H* 12X K14 12X*K2*12X*K3I*L12X*CA*12X*ERRGR® 39X *1)
3*/71X49Z104.4)
PRINT ot .
103 FORMAT(///71Xe*(CASE 1=-1) ALL RESISTORS EQUAL TO UNITY WITH INFINIT
3E GAIN®)
X{7T)=1.741
X{8)=AL/AQ
X(11=X(2)=X(3)=X(L)=X(5)=X(6)=1,
PRINT L1CLl,yA1
101 FORMAT(IX,%A1=%*,S11.4,*=8CTUAL VALUE CF H")
IF(X{7),GT.X(3})) GO TO 43
SP=X(3)1/X(7)
GO TO0 97
98 SP=X(7)1/X(8&)
97 PRINT 96,SP
96 FORMAT(* SPREAD CF TWO CAPACITORS=*,T11,.4)
CALL PRINTL(X4NV)
CALL SINSL (AP, AMyAsSeNVeNA WXy NANE)
IF(K08,EQ.5) GO TO 30t
PxINT 1CS
105 FORMAT(1H1,1X*{CaST 2-1) C1=C2=R1=R4=R5=1 ANOD INFINITE GAIN®)
Xt7)=x(8)1=1.
X(L)=X(bl=X(5)=2.
X{31=AL/H
X(6)=HeAL=-1,
X{2)=x(6)/7A0
CALL SPRTZAG(X,NV)
CALL PRINTL(X,MV)
CALL SENSLUAP A4 A3SINVINAJXNAME)
FRINT 1CH
106 FORMAT(///741Xy*( CASE 2-2 ) HITH FINITE GAIN®*)
NI=3
Li1i=3
L(2)=6

~ -



312
314
320
322
324
326
336
342
342
361
370
373
w01
403
405
15
Li7
423
423
426
438
W34
437
LL3Y

MAIN

331
137

116

303
111

46

Li3)=22

CALL NIHWTMX(X,LysIXsNI,EMAX)

CALL SPeZAC(X,NV)

CALL PRINT3I(XyHV)

CALL PRINTZ2(X,V)

CALL SINS2(AP,AMLA,S,HVINA Xy NAME)
FRINT L1C7

FOOMAT(1HL,1X,*{ CAS:E 3=1) C1=C2=R2=R4=RS=1 ANO INFINITE GAIN*)}
X(2)=KLL)=X(5)=X(7)=X(8)=1,
X(6)=(A1=A0¢H) /A

£13)=21/H

X(1)=X(6)/7A0

CALL SPRIAD(X,NV)

CALL PRINT1(X,HW)

CALL SENSL(AP,AM,ALSyNV,NA,,X,NAME)
IF{XD3,EQ.C) GO TO 392

PRINT 1L8

FORMAT(///744X*( CASE 3=2 ) WITH FINITE GAIN®)
Li11=6

L(2)=3

L(3)=1

CALL NIHTMXIX,L0XyNI,EMAX)

CALL SPREAOD(X,NV)

CALL PRINT3I(X,NV)

CALL PRINT2(X,NV)

CALL SEINS2(AP,AM,A3SyNV4NA»XyNAME)
FRINT 1013

FORMATCLHL 1 X,%{ CASS 4=1 ) C1=C2=R3I=R53R6=21. AND INFINITE GAIN *)
X(3)=X(5)1=X(8)=X(7)=X(B8)=1,
X(1)=2.7 (a1 ¢H)

X{W)=H/AL

X(2)=(AL+H) 7 (2.%20)

CALL SPFEAD(X,NV)

CALL PRINTL(X, NV}

CALL SZhSL(AP,AM,A,SNV.NA,XyNANE)
IF(XKDB.EG.,C) GO TO 303

PRINT 13

FORMAT(//77 41X, ( CASE L=2 ) WITH FINITE GAIN®)
Li{1)=1

L(2)=4

LI3r=2

CALL NIWTMX (X, L CXsNIyEMAX)

CALL SPRZAD(X,NV)

CALL PRINT3I(X,NV)

CALL PRINTZ2(X,HV)

CALL SENS2(AP,AM,A3SeNV,NAyXyNAME)
PRINT 111

FORMAT(1H1,1X*{ CASE S=1 ) C1=C2=R&=R5=RA=1 ANO INFINITE GAIN®)
X(u)=X{(51=X(3)=X(7)=X(8)=2,
X(1)=2./7(A1+H)

X(2)=1./7(AC*X (1))

X{3)=AL/H

CALL SPRZAD(X,NV)

CALL PRINTLIX,NV)

CALL SENSL(AP,AM,A,SyNVeNA ¢ XoNAME)
IF{KDB.EQ.0) GO TO 304



656
662
662
665
673
673
677
701
703
705
715
724
7218
725
725
727
735
735
757
763
766
770
772
1002
1004
1019
1010
1012
1015
1320
1623
1025
1027
1031
1061
1645
1065
1051
1051
1C5¢6
1062
1{62
1104
1110
1113
1115
1117
1127
1134
1135
1135
1137
1162
1145
1150
1152

NAIN

112

116

315
117

118

119

PRINT 112

FORMAT(///41Xs®*(CASE S5-2 )} FINITE GAIN®)
L1 =1

L(2)=2

Le31=3

CALL NEWTHX (X.L +0X NI,EMAX)

CALL SPRIAD(XWNV)

CALL PRINTI(XyNV)

CALL PRINT2(X,MV)

CALL SEN32(AP,AMA»S+HVINASX,NAME)
PRINT 113

FORMAT(1H141X,*{ CASC 6-1f } C1=C2=R1=R5=R6=1 ANO INFINITE GAIN*)
PRAINT 110

FIRMAT(* RL/R3I=zH/A1, SET R3=1.*)
H6=2.-4A1

PRINT 115,H6

FORMAT(® H=*,211.4,*=ACTUAL VALUE *)
X(1)=X(S)=X{E)=X(T)=X(8)=X(3)=1.
X(2)=1.740

X{4)=Hb/AL

CALL SPREAC(XyNV)

CALL PRINT1(X,HV)

CALL SENSL (AP, AM,AsS,NVyNA»X.NANE)
IF(K0B.EQ.C) GO TO 325

PRINT 116

FORMAT(///+4Xs*( CASE 6-2 ) FINITE GAIN *)
NI=2

L(11r=2

L{2) =4

CALL NIWTHMX{X,L,CX,NI,EMAX)

CALL SPREAC(X,NV)

CALL PRINTI(XsNV)

CALL PRINT2{X4NV)

CALL SCHNS2(AP,AMsA+S HVINASXLNANS)
PRINT 117

FORMAT(1HL41Xs*({ CASE 7-1 ) C1=2C2=R2=R53r6=1 AND INFINITE GAIN®}
PRAINT 113

FORMAT(® R4/R3=H/A1. SET R3=1.%*)
H?=2,%A0-A1

PRINT 119,H7

FORMAT(1H 4+*H=*,511.04,*=ACTUAL VYALUE®)
X(7)=X18)=X(2)=X(S)=X(6)=X{3)=1,
Xt11=1./40

Xt} =H7/AL

CALL SPPEAD(XsNV)

CALL PRINTL(X,HV)

CALL SCNSL1{APAM4A S NVINAJXNANZ)
IF{KDB.EQ.C) GO 70 306

PRINT 123

FORIMAT(//7/41Xs*( CASE 7=2 )} FINITE GAIN®)
NI=2

Li1)=1

LI2)=4

CALL NCWTMX{XsL DX+ NI,EMAX)

CALL SPRCAD(X,NV)

CALL PRINTI(X,NV)

47
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1154 CALL PRINTZ2(X,NV)

1156 CALL SENSZ(AF,AM4A,SINV4NA X NAYED
1166 306 FRINT 124

1172 121 FORMAT(1hH1,1X,*( CASE A-1 ) C1=C2=R1=R2=k3=1 AND INFINITE GAIN *)
1172 FRINT 122

1176 122 FOXMAT(® R6/RS=A0. SET RS5=1.%)

1176 F8=1.¢A0-A1

1201 PRINT 123,H8

12C7 123 FORMAT(* H=*,E11.4,%=ACTUAL VALUE *)
1207 X(7)=x(8)=X(1)=X(3)=£(5)=X(2)=1.
1231 X(4)=r8s81

1235 X{61=A0

1240 CALL SFREAGCUX,HNV)

12462 CALL FRINT1(X,NV)

1240 CALL SENS1(AP,aM 4 A,SoNVeRA 4 X,NAYE)
1254 IF{KDB.EG.0) GO TO 347

1256 FRINT 124

1262 124 FORMAT(//7/4,1X,*{ CASE 3-2 ) FINITE GAIN *)
1262 NI=2

1264 L{1)=4

1267 L{2)=6

1272 CALL NEWTMX (X L CXyNI,EMAX)

175 CALL SPREAD(X,NV)

1277 CALL PRINTI(X,NV)

1301 CALtL FRIANT2(X4NV)

1303 CALL SENS2(AFsAMsA+SyNVyNA9XsNAME)
1313 307 PRINT 201

1347 231 FORMAT(1F1,1X,*( CASE 9-1 ) C1=C2=R1=R3=R5=1, AND INFINITE GAINNY)
1317 X€7)=X(8)=x(21)=X(3)=X{(S5)=1,

1336 X{4)=H/A1

1342 X{6)=H+AL-1,

1347 X(2)=X(EVZA]

1354 CALL SPREAC(X,NV)

1356 CALL FRINT1(X,NV)

1360 CALL SENS1(AP,ANMA S NVyNA 4 XNAME)
1370 IF(KDRA.EGC. () GO TO 310

1372 FRINT 2ec2

1376 202 FORMAT(///741%X,*( CASE 9-2 ) FINITE GAIN *)
1376 NI=3

1400 Ll1)=¢4

1403 L(2)=¢

1406 L(3)=2

14190 CALL NEWTMX(X,LsOXyNI,EMAX)

1614 CALL SFREAD(X,NV)}

1416 CALL FRINT3I(X,NV)

1420 CALL FRIANT2(X,NV)

1422 CALL SENS2(APsAMsA 4SeNVeNA 4 Xy NAKE)
1432 31§ PRINT 203

1436 233 FORMAT(1F1,.1X,*( CASE 10-1 ) C1=C2=R1=R3I=R€=1., AND INFINITE GAIN®)
1436 X(7)=X(8)=X(1)=X(3)=X(6)=1,

1455 X(4)=h/A1

1461 X(5)=1./(a1¢F=1,)

1u67 X(21=1./ (X{5)*A0)

1476 CALL SFREAC(X,NV}

1500 CALL PRINTLUX NV)

1502 CALL SENS1(AP,AM,A,S,NV,NA,XeNAMF)

HAIN
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1514
1520
1520
1522
1525
1£30
1532
1£36
1540
1542
1544
1554
1560
1560
1577
1603
1617
1626
1€30
1632
1€42
1644
1650
1€59
1652
1€55
1€60
1662
1€66
1€70
1672
1€74
1704
1710
1710
1716
1714
1217
1725
1725
1727
1734
1737
1743
1745
1747
1757
1761
1765
1765
1767
1772
1775
2000
2002

MAIN

31
205

401
402

403

Lok

405

437
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IF(KDRLEC.C) GO TO 314§

FRINT 20t

FORMAT(///41Xs* CASE 10-2 ) FINITE GAIN *)
NI[=3

Li1i=4

L(2)1=5

LE3)y=2

CALL NEWTMX(X4LyCX NI EMAX)

CALL SFREALIX,NV)

CALL PRINTI(X NV)

CALL FRINT2(X NV)

CALL SENS2(AF4AMA3Sy NV eNA 4 X, NAME)
PRINT 2¢ES

FORMAT (1F141X,*( CASE 11-1 ) C1=C2=R1=R4=RE=1s AND INFINITE GAIN®)
X(7)=X(8)1=¥(1)1=X(4)=X(Hh)=1.
xX(3)=41/k
X(5)=X(3)/(AL1¢X(3)*A1-X(2))
X(2¥=1.7 (X(5}%A0)

CALL SPREAD(X,NV)

CALL PRIATL(X4NV)

CALL SENS1(AFP,AM,A,SyNV,NA4X,NAME)
IF(KD2.EC.u) GO TO 40t

FRINT 2GE€

FORMAT(///751%Xs*( CASE 11-2 ) FINITE GAIN *)
N=3

L{1)=3

Lt2)=5

L(31=2

CALL NEWTMX(X,L,CX,NI,EMAX)

CALL SFREAD(X,NV)

CALL PRINT3I(X,NV)

CALL PRINT2(X4NV)

CALL SENS2(AP4AM,A4SsNVyNA, XaNAME)
PRINT 4C2

FORMAT(1h1,41X,*( CASE 12-1 ) C1=C2=R1=R2=R4=1. AND INFINITE GAIN*)
PRINT 4(2

FORMAT (* R6/R5=Au AND SET R6=1.*)
Hiu=A0¢t.-AL

FRINT 4l4sH1b

FORMAT(* H=*,E11.4,*=ACTUAL VALUE®*)
CO 405 1=1,8

xX(Ir=1.

X(3)1=A1/K10L

X(5)=1./40

CALL SPREAD(X,NV)

CALL FRINTL(X,NV)

CALL SENS1 (AP AM4A4SeNVyNA 4y XsNAME)
IF{KDB.tG.0) GO TO 406

FRINT «C7

FORMAT (//7/41%Xy* ( CASE 12-2 ) FINITE GAIN®)
N=2

L(1)=3

L{2)=5

CALL NEWTMX(X,L,OXoNI,EMAX)

CALL SPREADB(X4NV)

CALL FRINTS(X4NV)
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2004 CALL FRIMTZ2(X4NV)

2006 CALL SENS2(AP AMJA,S,NV4NA,XNAME}
2016 406 PRRINT 4(A

2322 LUB FOPMAT(SFL,0Xs%( CASE 13~1 ) C1=C2=R1=x2=K5=1. AND INFINITE GAIN®*)
2022 FRINT 40

2626 409 FOQMAT (* R3/R4=A1/H ANC SET Ru4=1.%)
2626 H15=H1Y

203C PRINT 41G,H15

2035 “10 FORMAT(® H=*,511.4,*=ACTUAL VALUC*)
2635 CO 411 I=1,3

2u37 411 x(I)=1,

2044 X{6)=AD

2047 X(3)¥=A1/F16¢

2052 CALL SFREAC(X4NV)

2054 CALL PRINTL(X,NV)

2056 CALL SENSL{AP,AMsA,SyNV,NAyXyNAME)
2066 IF(KDB8.EC.G) GO TO 451

2070 PRINT w12

2674 412 FORMAT(///+1Xe* -( CASE 13-2 ) FINITE GAIN*)
2074 NI=2

2076 L(19=3

2161 L2r=6

2104 CALL NEWTMA(X,L,CX4NI,EMAX)

2107 CALL SPREAC(X4NV)

2111 CALL PRIMNT3{X4NV)

2113 CALL FRINTZ2(X,NV)

2115 CALL SENS2(APLAM A SyNVyNA 4 XysNAME)
2125 451 PRINT 442

2131 442 FORMAT(iF1,1X,%( CASE 14-1 ) C1=C2=R1=R2=R€=1, AND INFINITE GAIN®)
2131 FRINT 413

2135 413 FORMAT(* R3/R4=A1/H. AND SET R3=1,*)
213¢ H16=H1S

2137 FRINT L14,H1E

2144 LibL FORMAT(*® H=%,E11.4,*=ACTUAL VALUE®*)
2144 CO «15 I=1,8

2146 415 x(Iy=4,

2153 X{L)=HiE/ A1

2156 X{Sh=1./740

2162 CALL SPREADIX.NV)

2164 CALL PRINTI(X,NV)

2166 CALL SENSL1(APAM,A,S,NV,NA, Xe NAME)
2176 IF(KOB.EC.D) GO TO 416

2200 PRINT 417

2204 417 FORMAT(//7/41Xy* ( CASE 14-2 ) FINITE GAIN®™)
2204 N[=2

2206 L(1)=4

2211 L(2)=S

2214 CALL NEWTMXUX,L,CXyNI,EMAX)

2¢17 CALL SFREAC(X4NV)

2e21 ' CALL FRIANT3I(X,NV)

2e23 CALL FPRINTZ2(X4NV)

2¢25 CALL SENS2(AFsAM A ¢SyNVyNA X yNANE)
2235 L1E PRINT &7

22uLy U7 FORMAT(LFL.1Xe*( CASE 15-1 ) C1=C2=R2=R3I=R5=1. AND INFINITE GAIn®
2cby CO «18 I=1,8

2243 418 X(I)=1.

MAIN
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2262
2267
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2327
2331
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2335
2345
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2351
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2360
236¢€
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2443
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2472
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MAIN
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421

422

424

423
444

425

427
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X(u)=H/A)

X(6Y=AGC/ (HeAL-AQ)

x{1)=Xx(e)/L0

CALL SFREAC(X,NV)

CALL FRINTL({X,NV)

CALL SEMSI{AP,AM A S HVINA,LX,NAME)
IF(XDB.EC.T) GO TO 413

PRINT 423

FORMAT(//7/7+1X%4% | CASE 1S-2 ) FINITE GAIN¥)
NI=3

L(1)=1

Li2¥=4

L(3) =€

CALL NERTMX(X,L4CX,NI,EMAX)

CALL SPFEAC(XNV)

CALL FRIMNTI(X,NV)

CALL FRINT2(X4NV)

CALL SENS2(AF.AM,A4S4sNVsNA 4 X NAHE)
FRINT 421

FORMAT(1h1,1X,%( CASE 16=-1 ) C1=C2=R2=R3=R€=1. AND INFINITE GAIN*)
0 422 T=1,8

X{I)y=1.

X{11=1+/0a1¢E=20)

X{w)=H/sAL

X(Sr=1 .7 CAL®X(1))

CALL SPREAD(X,NV)

CALL FRINTL(X4NV)

CALL SENS1(AP,AM,AS,NV,NAsXsNAME)
IF(KDB.EG.L) GO TO 423

FRINT 424

FORMAT(///741X,* { CASE 1€-2 ) FINITE GAIN®)
NI=3

L(1)=1

L{2) =4

LI3¥=5

CALL NEWTMXIX4L CXy NI, ,EMAX)

CALL SPPEAD(X,NV)

CALL PRINT3I(Xy4NV)

CALL PRINT2{X4NV)

CALL SENS2(AF,AM,A4SsNVINA, X NAME)
FRINT 4u4

FORMAT (1F1,1Xs*{ CASE 17-1 ) C1=C2=R2=R4=R6=1+ AND INFINITE GAIN*)
00 425 I=1,8

x(Ir=1,

X(3)=A1/+

X{1)=1./7(H-A0Q)

X(5¥=1.7040%X (1))

CALL SPPEAD(X4NV)

CALL FRINTL(X4NV)

CALL SENS1(AFAM4A,SyNVyN 4 X4sNAME)
IF{KDB ENR.0) GO TO 1

PRINT 427

FORMAT(/7741X%Xs* ( CASE 17-2 } FINITE GAIN®)
NI=3

tr=1

L(2)=3
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2852
2554
2556
261
2570
2571
2573

MAIN

999

Lt3)=5

CALL NEWTHX(X,LoOX4MHI,FMAX)

CALL SPRFAD(X,NV}

CALL PRINT3(X4NV)

CALL FRINT2(X4NV)

CALL SENS2(APsAMA,S NV NA WX NAME)
GO TO 1

sToP

END

52
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64

SPREZAD

53

SUSROUTINS SPIIACIX.NV)
OIMENSION X (NV)
SPAMALL (X (L)X (2) yX (3D 4 X{l) oX{5) o X(6)I/AMIMLIXELY 3 X (204X (3) 4 X (L),
S XL5) 4 X{ED)
PRINT 12,57
10 FOPHAT{* SPRSAO OF RESISTOR VALUES=%,E11.4)
KETURM
END



i1
i1
26
26
27
37

159
155
155
161

161
201
201
202
212

321
327
327
330

PRINTS

SUBROUTINE PRINT1(X,NV)
OIMENSION X (NV)
PRINT 1CS
105 FORMAT (/65X*R1*13IX*R2*1IX*RI*1IX*RL*1IX*RS*1IX*RE*13IX*C1°13IX*C2*)
PRINT 166, (X(I),1=1,3}
106 FOPMAT({X,8(E15.4))
RETURN
ENTRY PRINT2
Bl= (1 /X010 ) *(X(S)+X(R)I*X(I)*X(LI*X(S)*X(6) /{X(LI*X(2)%4(3)"*
EX(S)*X(O)I*X(7I*X ()2 X L3I+ X(W))* {2 /X (I)=1a) 2 Le/X(10)~L)*(X(O)/X
BOLLIeX (5% (1./7X(18) =240
PRINT 104,80
104 FORMAT( 1X4*B0=*El15.4)
PRINT 1C7
107 FORMAT (/3X*R1*¥1NX*R2*10X*RI*L1IXPKL*10X*RS*LIX*RE%10X*CL*210X*C2*
e10X®PK1*174*K2%1CX*K3*)
PRINT 1734 (X(L}4I=1,NV}
198 FORMAT(1Xy11212.4)
RETURN
ENTRY PRINT3
HREAL=A (31X (L) *X(5I*X(6) X3 * (XIS +X(BII*(1./X(10)=-1.)/7{X{L2*X (3
BIPX(SI*X () *A(7I2X(B)*(X(3I+X(LII*(1e/XTS)I=1ad*(1a/X{1I)=1a}*(X (6D
F/XCLL) X (52 (1./X02L)=14)))
PRINT 1393,HRZAL
109 FORMAT (* H=*E1S5.4°%=ACTUAL VALUE®*)
RETURN
END
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355

«608
461

EQNHX

55

SUBROUTINE CANMX(X,F)

DIMENSION X (11),F(3)

COMHOMN/COIFF/AL,AD JH/GAINS /XKLy XK2,XK3

PEETES T3

X{10)=1x2

x(11)=Xxx3

FOLI=ZAL*X{1)*X(L)*X(5) X(AI*X(7)*X (B) # (X ()X (L)I® (17K (3)=2.)" (1.
C/XCLOI =1 )t UX(BI /XL +X U5+ (L. /A0 L1) =140 =X(3I*X(G)"X(S)*X(6)*X (8
SIFUXIS) X (BT (L o/ X (10 =12 =X () ®XL{5I*X(EY*(XCT) +X (L) I (L(B)/XLL1)
XIS (L e/X (L)1) CIX(BI/X(III* (L7 X (0= ) #{X(LI*XI71/K(2) /XL
1011 (17X (9)=1,1)

FU2)=A5*X (1) OX (21X (712X (3)* (X {3V 4X (L)) *(L/X(QP=1,0%(1,/X(1¢)=1.)
EIX(EI/X{L1) X (5I* (L /X CE1)=1a) ) aX(AI®(XLII+XCLII-(X{3D/LC12)* (X
F5) X6~ (X{ID+X (DI (X(S) /XL +X(5I* (L e/ X{L1LD=1aD}/X(TV/X(LD)

FU3DISH*X (1) XI3)*X{S)I®X (B *X(7)* IX(ID+X (41 *(1./7X(D)~1,)*(L/X (10}
2=l ) F KO/ X(LLI#X(51%{La/ X (1L =L ) ) =X{3)2X(L)*X(5)%X{6)* (xX1(s
DEXIE)I*(1/X(10)=14)

RETURN

END



11
1
11
12
14
15
22
32
35
0
42
45
51
53
60
75
104
136
114
121
124
135
137
137
163
163
1hé

NE WTMX

11

12

13

17

243
21

SUBROUTINZ

TO SOLVE A SIMULTANEJUS SET OF NONLINEAR EQUATIONS THE NEWTON

NEWTMX (X 4Ly DXy NIZEMAX)

«RAPHSIN ALGORITHY I3 USZO IN THIS SUSFRIGRAM,
DIMENSION X{11)4,F(3),FPERTII)4L(3)
REAL JAC(10410) 3 JATINV(L10410)¢M(3)

ITER=Q
CaLL EQMMX(

X+F)

COMPUTE THE TOTAL ZPROR

ERROR=0.,

00 11 I=1,N
ERROR=ZFROR
IF (ERROR.L
IF (ITER.GT
D0 13 I=1,nN
K=L(I)
X(K}=X(K)+D
CALL ENNMX(
G0 12 J=1,N

I
¢FCDI*F LD

T.2MAX) RITURN

«30) GO TO
I

X
XsFPERT)
I

20

JAC(J, II=(FPERTLII-F(J))/DX

X(K)=X{K)=-D

X

CALL MXINV{JAC,NI,JACINV)
CALL MXMULT (JACINVsFyMyNI)

D0 17 I=1,H
K=t (D)
X(KY=X(K)=H
ITER=ITER®L
G0 10 2
PRINT 21
FIRMAT (/7 /*
RETUKN

ENO

¢
(n

SUBROUTINE

NEWTHMX 00ES NOT CONVERGE®*/)

56



SUBROUTINE MXIMV (Rs N, RI)

c SUBROUTINE TO FINC THZ INVEQSE OF A GIVZM MATRIX USING
c GAUSS-JORDAN NEZOUCTION. R MATRIX I3 PRESERVED
c R = MATRIX WHICH I3 To B8: INVERTEO
c N = ORDZR CF MATRIX
c RI = INVIXSI MATRIX (QUTPUT)
6 DIMENSION K(104+13)y KA (10,22), RI(13,10)
[
c ENTER R ARRAY INTC RA ARRAY AND ScT.
[ LAST N COLUMNS OF RPa ARRAY TO IOENTITY MATRIX
6 D) 26 I = {s N
4 D0 26 J = 1y N
10 RAIUIJ) = PRIy
20 NJ = N+ J
22 24 RA(INNJ) = Q.
31 NI = N ¢ I
33 26 RA(L,NI) = 1.
Cc
C REDUCE MATRIX RA 50 THAT FIRST N COLUMNS
C ARS SET EQUAL TO THE IDEMTITY MATRIX
L ¥4 NP = 2 = N
1Y 00 12 I = 14 N
c
c SET MAIN OIAGONAL ELEMENT TO UNITY
45 ALFA = RA(ILI)
51 DO S5 J = Iy NP
53 S RA(I,J) = kA(l,J) / ALFA
[
[ SET ELEMENTS OF ITH COLUMN TO ZEROQ
66 CJ 11 K =1, N
67 IF (X = I) 3, 119 3
72 8 BETA = RA(K,I)
77 B0 16 J = 1, NP
101 10 RAIKeJ) = RA(K,J) ~ BETA * RA(I,J)
121 11 CONTINUE
124 12 CONTINUE
c
c SET INVZIRSE MATRIX RI EQUAL TO LAST
c N COLUMNS OF RA ASRAY
126 00 33 J =1+ N
127 JNY = J ¢ N
130 00 33 I =1, N
132 33 RIC(I+J) = RA(ILJUN)
167 RETURN
16?7 ENO

HXINV



i1
11
12
17
20
21
40
0

MXMULT

OOOOO

SUBROUTINZ MXMULT(AA,B88,CC,MN)
SUBROQUTINZ FCR MATRIX MULTIPLICATION AA®BB=CC
AA=INPUT NXN SQUARI MATRIX
B3=INPUT HNx1l COLUMN MATRIX
CC-0UTPUT NX1 COLUMN MATRIX
N-OROER OF SQUARcE MATRIX
DIMINSION AA(10,10),88(10),CC(10)
00 2 I=1.N

CC(I)=0.

D3 5 I=1sN

00 5 J=1,.,N
CC(I)=CC([)+AA(I,J)*8B(J)

RETURN

END

58
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i1
22
23

-
-

251

L 381

526
534
555
572
693
604

COEFY

59

SUBROUTINE COSF1(A,X,NA,NV)

OIMENSION A(NA) X (V)

X{9)2X{131=X(11)3-1,E+08

GO To 1

ENTRY COZF2

1 AL = (AI3I X (L)% k03I *X (B XM * (XL5) 4 X(6))9(1,/X(10)=1.) +X{&)*X(S)
BOXIB) A (X (3 eX ) I*{X(6)/XELL) XI5 * (L /X I1L)~14) 3 ((X(BI/X(DN)>
$UL/XTLA1=1, 00 (X QLI SXCTN/X(2)/X (LI *(La/X 09V =102 )7 (XCLI*X (L) *X (S
$IPX(6) X (7 X(3)* (A (31X (D )*{1,7X(IV =102 (1a/X{L10P=14) % (X(6)/XI11
$IEXISI* (1, /X(11)=1,0])

AL2)= (=X (51 *{X U164 X (3D /X CLLH)* (XA5) eX (B4 (La/X(FII* (1.7 (1
OIS (X3 eX (ad D4 UXLBI/XCLLI4X ISP (La/XCLLI=10) D) /(X (L) *X(2)*X(7)*
S XUBIF(X(3IHALNI )P (La/XMD =200 (1. /XTI =1,) *LX(6)/X11)4X(SI*(L
$./X(110=1,1))

A3 (X A3 S X L )3X (S e X L6 I*X(BI* (R(5) +X (6115 (1./X(10)~2.) )/ (X (1D*XL
T3 AXISI¥X(6)*X(7I*K (B * (X (3D ex (L) )*(1./X(F)=14)* (Lo/X(L0)=1.)% (X (B
$I/XN(LL) 4X(5I% L1 ./X{11)~1.0))

Alu)==81(1)/2. )

A(5)=SORT(A(2)=(A(1)/2.)%*2)

A(6)=SQRTIA(2)1/74(1)

AL7)=SQRT(A(2))

RZTURN

END



13
13
13
16
16
23
31
34
50
52
65
67
T4
121
126
130
162
162
166
166
174
174
214
216
224
227
263
265
260
262
267
316
321
326
3246
331
343
363
371
371
377
377

SENS1

98

99

100

102
123

60

SUBROUTINE SZINSL1(AP,AM A, S NVINALX,NAYE)
DIMENSLON AP {NA) JAHINAYSAINA) s SINV,HA) X INV) s NAME (NA)
COMMON/SZHS/NK, D4

PRINT Y8

FORMATI/EX*SENSITIVITIES FOR THE IOEAL CASE®)
D0 & I=1,MX

X(I¥=X(IV+DX

CALL COEF1 (AP Xs2NdyNX)

X(I)=X(I)=2,.,%0X

CALL COZFL1{AMsXsNA,SNX)

X(I)=X(1)+0X

CALL COEF1(AXyNAyNX)

00 4 J=1,NA

S{L )= (X{I)/ZAC0IN)* LAPLUY-AMIJDY )/ (2.%0X)
CONTINUE

DO S5 J=1,NA

PRINT 99,NAME(J)

FORMAT (/1X,A8)

PRINT 1C0.(S(Isd)sI=1,NX)

FORMAT (1X,3(c15.4))

CONTINUVE

RETURN

ENTRY SENSZ2

00 7 I=14NV

X{I)=X(I)+0DX

CALL COEF2({APsX+NAWNV)

X(IV)=X(I)=2.,*0X

CALL COEF2(AM¢XyNANV)

X{I)=X(I)+DX

CALL COEF2(A+XsNAYNVI

00 7 J=1,NA
SUI4J)I=(X(IYZACINI*LAPLII=-AMIJ) )/ (2.%0X)
CONTINUE

PRINT 01t

FORMAT(/1X* SENSITIVITIES FOR THE NON-IOEAL CASE®)
00 3 J=1,NA

PRINT 102,HAME(J)

FORMAT(/1X,AQ)

PRINT 103, (S(IsJ)yI=1+NV)
FORMAT(1X,21(S12.4))

CONTINUE

RETURN

END



APPENDIX B
LISTING OF THE PROGRAM II

The difference of the program II with the program I is
that the programs MAIN and NEWTMX in the ﬁrogram I are slightly
changed for the non-ideal OA case as well as-one addition of the new
subprogram, EQNMX2, Therefore, the piograms,'MAIN, EQNMX2 and NEWTMX1

are only included here,
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(2NN ] «

(2]

30
30

57
57
63
66
70
7
101
196
115
121
122
127
136
164

164
170
170
173
201
201
223
227
232
234
236
246
252
252
255
260
265
272
277
302
kL
306
310
312
323
333

MAIN

10¢
i

N
2

55

99

124

4

62

PROGRAM MAIN(INPUT,OUTPUT,TAPEI=INPUT}

DIMENSION AU7) 3 AP(7) s AMUT7) »SECLL 7)o X {11, L I3V NAME(7) oF {(3),FPERT(
$I)dAA(343),83(3),CC(3),AMPILY)LGIC3),GO(3) XT3} ,X0(3)

CINPLEX Y1Cloted s ¥2(3030973(242)401,0295,aAMP 13} RNET

REAL JAC(LG 41304 JACINVI10410),4(3)
COMMON/ZEQML/AL A HZSENS /X, DX/20N2/G61.60, AMP,S

DATA (MAMC(I)e[31s7) s MVINAINA/2HAL 2HAY,1HH, BHREALPOLE 8HINAGPOLE
$1HQy2HHO 1143477

READ Loh1yad yHy (£MPROII)4I=1,3),3X,EMAX

FOIIMAT (814 0)

IF(E0F 431399, 4

KEAD 24 (XI(I)sI=1,33)4(XO(I),I=4,3),HC

FORMAT(731C.2)

IF(DXLELD.) OX=1,E-06

IF(EMAXaZQ.04) SMAX=L.C=-12

SR=-A1/2.,

TEST=A1*%2-4,%A)

IF(TEST.GE.0) GO TO 997

SI=0.5*SART(-TZSTN)

S=CMPLX(3R,SI}

Q= (SQRT (A9)) /AL

03 55 I=1,3

GI(I)=1./741(1)

GO(IN=1./X0(D)

ORINTO9,A1,A5,Hs (AMPO(I)I=1,3),0X,EM4AX,Q

FORMAT (®*{SPECIFIZD COCTFFICIENTS+GAINS OF THREE OP-AMPS,INCREMENTY F
SOR DIFFERENTIATICN,MAXIMUM ERRIOR FROM NEWTCH ALGORITHM AND Q
BP/SX  PAL*12X s *A0 LLIXPH* 12X *K1*12X*K2*12X*K3*12X*DX*12X*ERROR* IX*Q
3%/1X,9S104.0)

PRINT 121

FORMAT{®J(CASEB~-1)C1=C2=R1=R2=R3I=R5=1 ANO INFINITE GAIN®)
H8=1,+A0-A1

PRINT 1234H8

FIRMAT(® H=*Z11.4*=ACTUAL VALUE®)
X(7)=X(8)=X(3)=X(5)=X(2)=X(1)=1,
X{u)=HA/zAL

X(6)=a9

CALL SPREAD(X4NV)

CALL PRINTL(XsNV)

CALL SENSL (AP AMsA1SEWNVINA, X9 NAME)D
PRINT 124

FORMATU1H{O,*({CASES=~2) FINITE GAIN®}
L{1) =4

L(2)=6

X{9)=AMPO (1)

X{10)=AMP3 (2)

X{11}=AHPO (3

CALL NEWTMXLI(XsL OX,EMAX)

CALL SPREAD(X.NV)

CALL PRINT3I(X,NV)

CALL PRINTZ(XsNV)

00 L& I=1,8

IF(X{I)eLT.00) PRINT &S

CALL SENS2(AF,AMyAsSEsNVNA,XeNANE)
00 S I=1,3



335
356
362

362
410

%10
“13
415
417
“i?
420
424
424
%26

MAIN

63

5 AHP(I}=ANMPC () *HC/ (S+HC)
PRINT 8838

888 FORMAT(1HL,*(CASZ 8-3) FRZIQUSNCY DEPENODENT OP-AMP AND CONSTANT INP
$UT ANDO GUTPUT IMPEZQZINCES*//)

PRINT 125,SsnCy (XTI (1), 1=143)4(X0(I)4]1=1,3)

125 FORMATU(EX,*PCLE LOTATION =¢, 7X,215.6+*+J°%,E12.6/6X+*CUT-0FF FREQU
BENCY=*64XsS15.54 /30X s*FIRST INTEGRTOR*U4X*SECOND INTEGRTOR®LX*SUMMER
$2/6X* INPUT IMPEDINCE =*3E210.6/76X,*0UTPUT IMPEDENCE=*3E20.6/)

CALL NIZHTMXZ2{X L DOXsEMAX)
CALL SPREAD (X NV)
CALL PRINT1(X,NV)
45 FORMAT(* NOT REALIZABLE. INCREASE GAIN*)
GO TO 100

997 PRINT 9938

€38 FORMAT(1H)Y,*UNDESIRABLE COCFFICIENTS®)

999 sToP .

END



EQNNX2

SUBROUTINE ECNMX2(X,F)

DIMENSION F(2),X(8)

COMNPLEX YLI{GL4O )3 Y2(343)9Y3(2+2)401402+S,AMPaRNET
COMMON/EQH2/CI(3)sG0(3) s AMP(3) S

Xtu)=1./X(4)

X(6)=1./7X(61}

OL=GI{L)eX(L)eS*X(7)

D2=GL{2)+X(2)+5%£(8)

D3I=GI(3)¢X (314X 14)

DL=X(5) ¢X16)+GL{3)-GI(3)*+2/03

Y0141 =X(3)=X{3)%¢2/03=-(X(3)*GI(3))+%2/03%%2/04
Y1(1,2)==-X03)*X(4)/03=-A{3)*X(L)*GI(3)**2/03%**2/04
Y1(1,3)==X(3)*x(5)*GI[(3)/0370%

YI{l L) ==X (6)*X(3)*GI(3)/703/00
Y1(2,1)==X(3)%K(4)/703=-X{3)*X(L)*CL(3)**2/03%%2/04

¥Y1(2,2)=C0( 13 ¢S*X(7)=(1a/7D112C(S*X (7)) *22+S*X(7)I*AMP11)%GO(1)I+X (2
$I=X(2)%%2/02¢L(u)=X(+)**2/03=(X{u)*GI(3))*¥2/03**2/04
YL(2,3)==S*X(8)*X(2)/02-X{4)*X{5)*GI(3})/03/04
YL(2,4)==(S*X{7)I*X (L) +AMP(1}*X(1)*GO(1))/01-X{u)*X(H6)*GI(31/703/04
YL(342)==X(512X(3)*GI(3)/03/700
Y1(3,2)==(S*X{B)*X(2)+AMP(2)}4X(2)%060(2})/02-X(5)*X(L)*GI(3)/703/04
YL(3,3)=63(2)¢S*X{(A1-((5*X(8))*%2+3*X(8)*ANP(2)*G0(2))/0D2+4X(5) =X (S
$1%%2/00

Yi(3,4)==X(S5)®X(€E) /DY .

YL,y 1)=AMP(3)*GO(3)*X(3)/03-X(3)*X(6)*GI(3)/03/06+AMP(3)%GO(3)*X{
$3)1*GI(3)*(GI(3)-C3)/D3**2/04

Yilh y2)=cS*X(7)*X (L) /012 AMP(3)*X{LI*GN(3)/03=X(L)*X(6)*GTI(3) /03704
SEAMP(3)1%GOT3)*X{W)*GI(3)*(GI(3)-031/03%+2/04

YL,y 3)==X{G)*X({B)/04¢AMP{3IX (5)%GO(3)*(GI(3)-03)/03/04%

YL O 4)=X(1)=X(1)**2/014¢X(B)+GI(I)-X(6)**2/04+AMP(3)*GO(3}*X(6)*16
$1¢3)=-03)/03/0%

00 3 I=1.3

00 3 J=1,3

Y24T4Jd) 2V lI4d)=(1,/Y1(Ueb))}®YL(I 0d®Y](lLyJ)

DO &4 I=1.2

00 & J=1,2

YI(IeJI=Y2( T4 ) =11,/7Y2(3,30)%Y2(1,30%Y2(3,J)

RNET==Y3(2,2)/Y3(2,1)

F{1)=REAL (RNET)

F(2)=AINAG(RNET)

X(u)=1./7X{4)

X{61¥=1./7%X(6)

RETURN

END



11
11
11
12

16
15
21
31
34
37
[ 33
by
S50
52
56
73
102
104
107
113
116
126
130
131
135
135
136
151
152

156
157
163
173
176
201
203
206
212
214
2210
235
26hL
2Lt
251
255
260
270
272
273
rda4

NEMTMX]

11

12
13

17

23

21

39

31

32

33

k1%

35
36

SUBROUTINE NZWTMX1{X,L,0X,EMAX}

TO SOLVE A SIMULTANZIQUS SCT OF NONLINZAR EQUATIONS THE NEWTON
«RAPHSOM ALGCORITHY IS USED IN THIS SUIPROGRAM,.
OIMENSION X(11),F(3),FPERT(3),L(3)
REAL JAC(1C+13) ,JACINV (13,13} ,M(3)}
ITER=¢

CALL EQNNX1(X.F)

COMPUTE THE TOTAL cCRROR

ERROR=0.

00 11 I=t,2

ERROR=CPROR+F(LI*F (I}

IF (ERROR.LT.EMAX) RZITURN

IF tITER.G6TL30) GO TO 20

00 13 I=1+2

K=t (I)

X{Xr=X(K)+0X

CALL EQNMX1(X,FPZRT}

DO 12 J=i,2
JAC(J,D)=(FPERT (N -F(U))I/DX
X{KY=X(K)=-DX

CALL MXTIHV(JAC,2.JACINV)

CALL MXMULT (JACIHVFoeM,2)

00 17 I=1,2

K=L{(I)

X(K)=x{K)=-M{I)

ITER=ITER+L

GO 70 2

PIINT 21

FORMAT (//* SUBROUTINE MEWTMX DOES NOT CONVERGE®*/)
RZITURN

ENTRY NEHWTMX2

ITER=O

CALL EQNHX2(X,F)

COMPUTE THZ TOTAL ERROR

ERROR=0.

00 31 I=1.2

ERROR=ERROR¢F(IV*F(])

IF (ERRORLLT.EMAX) RCTURN

IF (ITER.,GT.30) GO TO 35

00 33 I=1,2

K=t{(I)

X{K)=X(K)+DX

CALL EQNMX2({X,FPZRYT)

00 32 J=1,2

JACUJ LI={FPERT (I =-F(J})/OX
X{K)=X{K)=-CX

CALL MXINV{JAC,24JACINV)

CALL MXMULTU(JACINV.Fy4M,2)

00 3& I=1,2

K=L (I}

X{KI=X{(K)=M{(])

ITERSITER+Y

60 Y0 3¢

FAINT 36

FORMAT (/7% SUBROUTINE NEWTMX DOES NOT CONVERGE®*/)

65



APPENDIX C

USER'S INSTRUCTION AND EXAMPLE OUTPUTS

This appendix provides the user with specific instructions

for using programs I and II and shows some example outputs,

As an example of using program I, a @ = 100 KHN filter is

realized with the following conditions

where-the above

as below,

XK1

XX2

XK3

DX

XK1 = XK2 = XK3 = -10°

H = 2 |

A0 = 1 | o (Ga1)
DX - 10~6 (=defanlt value)

EMAX = 10"12(=defau1t value)

variables are again defined for the user's convenience-

i

the negative dc gain of the OA in the first integrator.

the negative dec gain of the OA in the second inte-

grator,

the negative dc gain of the OA in the summer,

]

the incremental variation of the parameters for

66
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differentiation

EMAX = the minimum required value for the error function Vo

Since Q is 100 and the center frequency is normalized to
unity, the transfer function with the multiplicative constant term,

H equal to 2 is

=28

™(s) = 2 + 0.01s + 1

(€C.2)

Since both the ideal and finite gain OCA cases are to be considered,
the variable KDB is set to 1. If KDB = 0, only the ideal OA case is
treated, The input data are shown in Table C,l,

For an example of using program II, additional input data
are required §ince the OA has now frequency dependent gain and‘input
aﬁd‘output—impedance} These additional data are fed in the third

input data card, They are

X1(1) = x1(2) = X1(3) =10°
X0(1) = %0(2) = X0(3) = 107
and |
W =10 | ()

where the above variables are defined again as below,



68

The first variable is for the first integrator, the

second for the second integrator and the third for the

summer,
X0 = one-dimensional array for the output impedances,
" The entries are same as in XI;
WC = the cut=off frequency of the one-pole rolloff model

for the OA,

The input data in the first and second cards are same as in Table C.1,

The input data are listed in Table C.2,



Table C,l.

The input data in the program I

column
card no.

variables

(11)
.

variables
(8E10,0)

2.

10;01000020050300004000050000600007005080

KDB

Al

0,01

AC

24

XK1 XK2 XK3

“1.E+3  -1.B+3  ~1.543

DX

EMAX

69



Table C.2, The input data in the program II

column,
card no.

variables
(11)
1
variables
(8E10.0)
2

variables

(7E10.0)

3

60 ° ? °

1 oo 10006 20000 30600 40,00 50, o 70 . o . 80
KDB
1
| M AQ H XK1 - XK2 XK3 DX EMAX
001 1., 20 B3 1B o1,E3
CXI(L) xi(Z) X1(3) xo{1) Xo(2) X0(3) We
1,B43 1,43 . 1,E#3  1,E-3  1,B=3  1,E-3 10,

04



SPECIFIED CCEFFICIENTS,GAINS OF THREE OP-AMPS,INCREMENT FOR DIFFERENTIATION,MAXIMUM ERROR FROM NEWTON ALGORITHM ANO Q

- WO

LB Ag o K1 L¥4 K3 ox ERROR Q

1.0G06E-02 1.0000€+9¢C 2.CG00E#D0 =1.0000E+03 -1.0000E+03 -1.000CE+Q3 1.0000E-06 1.0000E-12 1.0600£¢02
(CASE 1-1) ALL RESISTORS EQUAL TO UNITY WITH INFINITE GAIN
A= 1.CCCIE-J2=ACTUAL VALUE OF H
SPREAD CF THO CAPACITCRS= 1.,0000€+04

Ry R2 R3 R4 RS R6 Ci c2

1.02CCE¢Q0 1.0J00E+00 1.0000E¢CO 1.0000E+00 1.0003E¢00 1.00G0E+00 1.0000E+02 1.000CE-02
SENSITIVITIES FOR THE ICEAL CASE
Al

~9.9990E~-G1 ~93.9%91€-405 4.39995E~01 ~4.9995€-01 ~4.9995€E-01 4.9995E-01 «9.9990€-01 =9.9990E-05
AG

-1.0000£+30 -1.0000E+00 1.0€53E-08 =1.7764E=-09 =1.0000€¢00 1.0000E+00 -1.0000E+00 =1.00040€E%00
H

-1.0000€+00 Q. -5.00C3€E-0L $.0000€-01 =5.0000E=-01 $.0000E-01 =1.0000E+G0 8.3267€~11%
REALPOLE

=9.999J€-01 -9.9991E-05 “e999%5E-01 =4 +.9995E-01 ~4.9995E-01 4.39395€-01 =9.9990€£-01 =9.9990€-05
IMAGPOLE

-4+9999E~J1 -5.0004E-01 -1.2497€-05 1.2502E~05 “5.0000E~01 5.0000E-04 ~4.9999E-014 ~5.0001€E-01
Q

4.9990€-012 =4.9990E-01 -4.9995€-101 4.9995€~01 ~5.0007E-05 4.9989E-05 %+¢9990E-01 =4.9990E-01

=5.0000€-01 -5.0000€E-01 5.3291E-09 0. ~5.0000E-01 5.0000€-01 ~5.0000E-01 -5.0000E-01

T



(CASE 2-2) C13C23R1sRL3RSx{ AND INFINITE GAIN
SPREAD OF RESISYOR VALUES: 2,020CE+J2

Rl
1,0000E¢00

SENSITIVITIES FCR THE ICEAL CASE

AL
*1.0000€¢"°0

Al
~1.0000€+38
«1.0000€+00

QEALPOLE
=1.030CF*00

IMAGPOLE
~6+9939G€-31
5.0000E-02

wo
*5.0300E-01

t C25€ 2-2 )

L¥4
1.0100E+00

-9.9237E-07
=1.,C00CE+QD
g.
=5.9237E-07
«5.00C01E=CL
«5.000CE-01

=5.C90CE-D1

WITH FINITE GAIN

R3

5.0000E=-03

9+9502€-31

T.1054E-1L

*4.9751E-03

9.9502€£-01

-2.485E£-05

-9.,9502E-02

3.5527E~-11

SFREAD CF RESISTOR VALUES=S 2.5314E¢02
M3 2.CCL0ECI=ACTUAL VALUE

8= -1.9782E-03

N
1400C00E¢C0

1.0102E+08

R3
4.006CE-83 1,0000E+00

R&

SENSITIVIFIES FOR THE MOH-JDEAL CASE

At

=9.31085=01 =9,.89069E-02

AL

=1.0300E+00 ~2.00C0E«CO

L
=1.0C0CE+GC Qo

REALPCLE

©3.0i03E-02 ~9.8903E-02

IrACPOLE

*9¢6995E£-C1 =5.0001€-01

[*]
8.0169E=-01 ~4.0109E-C1

L

¢
~5.0000€-03 ~5,0000€-01

7.9799E-01 =7.,9799€-01

T48929E=-06 =7,8924E~06

*3.99C0E-03 J.9900E-03

~7.9799€-01

T 3769E-41 =7.9799E-01

“1.6004E=05 1.0003E-05

7.9799€-31

3094€5E~06 =3.9L53€E~06

Re

1.0000E+00

=9.9502€-01

=1.7764E=09

4e9T51E-03

“9.9502E-02

2.4876E-05

9.9502€-01

=1+7704E=09

RS

1.0002E+00

“4.0250E-02

=9,9898E-08

=5.0242E-01

=4.02508E-01

*4eG963E-0L

~9.6908E-02

~4e$948E-01

R5 R6
1.0000€¢0) 1.,010C€E00
=5.0249E-01 5.0249€~-01
=1.0000E¢00 1.0000€+00
*5.0209€-01 50249E-01
=5.0249E-01 5.0269E~08
=5.0000E=-C1 5.0000E-02
2.4866E-03 =2.4066€-03
=5.0000E-01 5.0000E-01
(3] 1
1.0141€¢00 1.000CE*GO

4.0258€-01 -9,0109E-01

9.9888€-01 ~1.000CE+QD

5.0248E-01 =1,0000£¢00

440256E-01 =9.0109€E-01

4e99L9E-01 <=4, 9999E-01

946908E-02 4,0109E-04

4e3943E~0L ~5.000CE~0L

c2
1.0007E400 «1.0000£¢03

=4.,0109€-01

*5.0000€-01

CL

1.0000E¢G0

=1.0000E¢ 03

=1.0000E+00

=1.0000E+00

=1.0000E¢00

=bs9999E-01

5.0000E~01

=5,0000E-01

(38

=~9,8309€-02 ~9.9001E-02

~1,0000E+00 1.0036E-~03

J.5527€-09 1.0019€E-03

=9.8909€-02 ~9.9701€-02

*5+0001E~02 Se00bIE~-04

c2

1.0000£¢00
*9.,9365E-07
=1.0000E¢00

0.
=9,9365£-97
=5.0004E-01
=5.0000€-01

=~5.0000€-01

X2
©1.0000€+03
-9.8810€-02

9.9654E-04
~3.5527€-06
-9.8810€-02

5+0094E=06

X3

«1.0700E¢03

21.6154€-0]

2.0126€-03

2,0164E-03

1.615€-03

1.0054E-03

9.9503E-02 9.9340E~02 ~6.0936E~0«

$.0274E-00 %.9916E-04 1.0054E-03

24



t CASE 3-1) C13022022R(xRSxy AND INFINITE GAIN

SPREAD CF RESISTOR VALUES® 2.02)0€¢02

R1 R2 R3
1.0100E030 1.0308€400 5.0000E-03
SENSITIVITIES FCR THE ICEAL CASE
ag
~1.C330E¢08 ~1.00928+36 9.9532€-01
AD
=1.0030€+00 ~1.0000E003 7.1056E-11
"
=1.0330£420 L “0.9751E-03
REALPOLE
~1.C000E000 -1.6392E-06 9.9502€-01
INAGPOLE
~4.5999E-31 -5.0301E-01  ~-2.4386E-05
e
5.03CE-C1 ~5.0000€-01 =9.9502€-0¢
we
=5.0030e-31 =5.CJ0JE-01L 3.5527E-11
€ COSE 3-2 ) WITW FINITE GAIN
SPREAD OF RESISTOR VALUESs 2.5023E¢02
"= 1,999+ i0=aCTUAL VALUE
9= =1.,9979€-33
o1 a3 R
9.97158-C1 1.20006¢06 3 G96TE-C3  1.0000E¢00
SENSITIVITIES FOR THE WON-IOELL CASE
A1
“9.9C10E-01 ~9.9897E€-02 7.9603E-01 =7.9633€-31
ac
“1.0J02E4CC -2.000CEvC0  7.952€E-G6 =7.9545E-06
H
=1.0C00€+0C Q. =3.9804E=03 3.9804E-03
REBLPOLE
*9.001CE-02 =9,9897€-02 7.9603E-01 =7,9633E-01
1raCPOLE
“%+9359E-01 =5.0001E-C1 ~1.5926E~05 1.5925E-35
©e303CE-CE =440330E-01 =7.9603E-01 7.9633€-01
we
=5.0C0CE~01 =5.8C00€-01 3.3763E-06 =3.9773E-0¢

Ra
1.0000€+00
=9,902€-01
«1.7764E-09
4.9751E-03
*9.9502€-02
2.438EE-05
9.9532€-01

~1.7764E-08

RS

1.0000EQ0
=3.9763E-01
=9.,9900£-01
~4,3753E=01
~3.9763€-01
=4,8953E-01
~1.3187E-02

=4e9950E-04

RS

1.6000E+00

=5.024%E-0L

=1.0000F¢03

=5,02698=01

~5.0269€-01

=5+0000E-02

2.48656-03

=5.0000E-02

R6

c1
9.941JE-01 {.000CE+00

3.9763E-0 =9.,001CE-01
9.9900E-01 ~1.000CE#00
4.92536-01 -1.0C0CE+00
3.9763E-01 =9,0010E-04
©+9950E-01 =4¢999GE-012
1.0187€E~08 4.0010E-D1L

4.9950€=61 =5.000CE-02L

R6

1.0100E+00

5.024%E-01

1.0000€E+00

$.0249E-01

5.0249€-01

5.0000E-01

=2.4866E-03

5.0000E-08

c1

1.0000E¢00

=~1,0000E¢00

=1.00uGE+00

=1.0000E¢00

=1.0000E+00

=40.9999%t-01

5.0060E-0¢

=5.0000€E=-04

[ $1

c2
1.0000E+00 =1.0)00E¢03

=9.9897E-02 =9.9992E-02
“1.,0000€+00 1.0019£-03
~7.1057E-09 1.0037E-03
*9.9897E-02 ~9.9992E-02
~5.0001E-01 5.0272E-0%
=4.0010E-01 1.00&9E-0%

=5.00006-01 5.0093E-0¢

c2

1.0000€%00

=1.0008E-06

=1.0000E*00

5.3824E-09

=1.0008E-0E

~5.0001E-08

=5.0000C€-02

~5.,0000€-02

X2

X3

~1.0000E+03 =1.0000E*03

*9.9798E-02

9.9121E-04

~9.9790E-C2

§.9316E-00

1,5876E-03

1.9877E-03

1.987%€~03

1458 75E-03

9.9300E-04

1,0030E-01 =5.9574E~0e

4.9560E=0%

9.9298E-0¢

€



t CASE &=1 ) Ci3(2s5RJI=RS2R6=1., AND INFINITE GAIN
SPREAD CF RESISTOR VALUES® 2.,0100EeGC2

Ry R2 R3 . R« RS R6 ct c2
9.9542€~-C2 1.095CE«0Q 1.0330€¢00 2.3000€+02 1.0000E¢00 1.0000E+00 1.0000E¢00 1.00005¢00
SENSITIVITIES FCR THE ICcAL CASE
L3}
=1.03C(0E¢30 ~9.95083E~-07 9.9502€~01 =9,9502€-01 -5,000CE~0L 5.0000E-01 =3.0000E¢00 «9.9365€-07
AQ
~1.0030€+3¢C =1.0C005E000 «3.5527€-09 *T.1054LE-07 ~1.0000€E¢00 1.0000E+00 «1.0C30E+0) -1.0000E¢00
]
~1.0030Ev00 c. «ha975LE~03 4¢3749E-03 «5.0300E~01 5.0C00E~01 «1,0000€+00 =1.7764E=-09
SLALPOLE
=1.0060E%00 =9.9553E-07 9.9502€-01 -3.9502E-01 -5.0000€E~-02 $.0000E-012 =4.,0000€+00 «9.9365E-07
IRAGPCLE
“4.9939L=02 -5.CJ01E~D2 «2.488%E~0S 2.4514E-05 -5.0000€-01 $.0000E-01 «4.9999E~-04 -5.0001E-08
$.0GCE-CL -5.0300E-01 «9,9502e~-012 9.9502E-01 “1.0073E-06 £.0050E-06 5.00C0E-01 =5.0000E-01
L] .
=5.0030E-02 ~5.C(00E-02 =1.77E4E-0S =3.5522E-07 -5.0000€E~01 5.0000E-01 -5.0000€~01 =5.0000E-028
¢ CESE 4=2 ) WITH FINITE GAIN
SPREAD CF keSISTCP VALUEST 2.5182E¢02
hs «oCCOEPS3=ACTUAL VALUE
8= ~1.9C2CE-C2
Ry R2 R3 LY RS R& ct c2 K1 X2 X3

9.93J4E-02 1.0030E¢CO 1.00C0€¢06S 2.5006E¢02 1.000JE¢00 1.0G0CE*Q0 1.0D00E¢0d 2.,0000€+00 =£,0000E403 =1.0000E403 ~1,0000€¢03
SENSITIVITIES FOR ThE NON-IDESAL CASF

41
=9,0060E-02 -9.,9601€-02 7,9661E-01 =7.3661€-01 =3«991J€E-01 3I.9910E=01 =9.000E~01 =9.9601F~02 =9,9595E-02 ~9,9504€E-02 3,5967E-03

AC

«1.00CCEe00 -2.200CEe00 7.936%2E-06 -6.6630£-06 =9.9900€-038 9.9900€-01 ~1.000CE+00 =1.0000E400 1.0901c=03 9.92121E~0¢ 1.9966E-0J
L

«1.0JuCEC3C O, =3.9831E-03 3.9927€E-03 +4.590C0E-01 &.9900E-0% ~1.0000€¢C0 3.5527E-09 9.9831€-04 0. 1.9966E-03
REALACLE

“9.0CWCE=D3 ~9.9501E-07 7.9661E-01 ~7.96561E-01 =3.991CE-01 3,991CE-01 ~9,0040E-01 =9.9601E~02 =9.9695E-02 ~9.9506E-02 1.5987£-03

IFAGPCLE
“6.9399E-32 =5,00C1E=C1 =1.5968E~05 1.6LIEE-05 =4e$950E=01 ©e9950E-01 ~649999€-01 ~5.,0001E-03 5,0272E-06 4.991€E-06 9.9655€=06

Q
©e004CE=01 =Qe0I&GCE-UL ~7.3661E-01 7.9061€-01 =1.CJ40E~01 1.0043€E-01 &o004CE~QL =4,0060€-01 1,6019€E~01 9.9999€-02 ~6,0027€-04

g
=540000E=03 ~5.0000E=01 J.9E04E=06 =Jo1094E~G6 =4e9953E~084 49950E-01 =5.,0000€-01 ~5.0000E~03 S5.0093E-04 &.9560E~C4 9.9831E-04

W



¢ CASE 5-1 ) C1a2(2=RezRSzRExy AND INFIMITE GAIN

SPREAD CF RESISTOR VvALUES= 2,0100E¢02

et
9.9532€E-01

SENSITIVITIES FCR ThHE ICEAL CASE

L}
=1.000J0€00

A0
~1.0000€+00
=1.00JCE¢C0

REALPOLE
=1.6000E#00

IPAGPOLE
~4.9399E-01
5.0300€-01

LL]
=5.0003€-01

R2

1.005CE+00

=9.95323E=-27

~1.0000€+00

=9.9583E-07

-S.0001E-04

=5.G000E-01

=5.000CE-01

{CASE 5-2 )V FINITE GAIN
SP2tAD CF SESISTOR VALUES= 2.5vd1E+02
M= 2.0C(CCE+CI=ACTUAL VALUE

Bus ~1.%920€-33

R1

9.3308E-01 1.3032Ee0C

R3
3.9990E-03

R3

$.0000E-03

9.9502€=-02

8.8818E-11

“6,9751£-03

3.9502€-01

=2.4875E-05

=9.9502E=-01

4. 4409E-11

R4

SEMSITIVITIES FOR THE NON-IDCAL CASE

Al

“9.C06CE-02 =9.,9604E-(2

Ad

“1.0C0C€¢00 =2.000CEDC

L]
=1.300CCeiC Qo

REALPCLE

*9¢L0uic=01 ~G496J1E-02

INACPOLE

=4.9999E€+03 ~5.,0001E-C1 =1.5949E-05

Q

weQU0E=CL ~4,0CLOE-CY ~7.9661E-02

"o

5000003 -5.0000E-01

=3.9831E-03

T.9661€-04

T.9343E-06

743661E-01

J.9E72E-CE

1.,0000E¢00

«7.9661E-02

~7.9332E-006

J3.9831£-03

=7.9661E-01

1.5950E-05

T.9661€-01

~3.9684E~06

R&

1.0000E¢00

=3.95G2E-01

~3.5527€-09

4e9751E-03

=9.9532E-01

2.4875€-05

9.9502€-01¢

=1.7764E-09

RS

1.0000E+00

*3.9910E-01

«9.5900E-01

~4.990CE~01

=3+991CE~01

~4e9950E-01

~1.3040€-01

~4.9950E~01

RS

1.0000E+00

=5.0030E~01

=1.0000€+00

=5,0000€~08

-5.0000E-01

~5.0000£-01

=1.0118E-06

=5.0000E-01

R6

1.0000£¢00 1.,0000E+00

3.9910E-02 ~9.0060E-01

9+9900E=-01 ~1.,000CE+00

4+99CCE-04 ~1,000CEeCD

349910€~01 -9.006CE-02

409953€-01 =4,999GE-02

1.00640E-061 4.006CE-02

4+9950€-01 ~5,000CE-01

R6

1.0000E«Q0

5.0030€E-01

1.0000€¢00

$.0000€-01

5.0000E-01

5.0000E-01

1.0004E-06

5.0000E-01

c2

=1.0000E¢00C

~5.0001E-01

=4s0040E-02

~5.0000E-01

C1

1.000CE000

~3+00GGE*00

=1.0000€+00

«1.0000E+00

«1.0000€¢00

=4+9999E-02

5.0000€-01

«5.0000€-01

(3%

$1.0000€¢00 =1.0000E+03

*9.9601E~02 =9.9698E-02

~5.3291€-09 1.0019E-03

~3.9601E~02 ~9.9698E-02

9.9831E-04

5.0272E-04

c2

1.0000E400

“9.9L87E-07

=1.0000E+00

“9.3087€-07

=5.0001E-01

=5.0000€E-01

~5.,000CE-01

X2

X3

=1+030GE403 ~1.0000€E403

~9.9581€-02

9.8765E-04

~9.9501€-02

4.9739E-04

1.5987€-03

2.,00026-03

2.0002€E-03

1.5987€-03

1.0001¢-03

1.0020E-03 Ge9994E-02 =5.,0027E~0s

4.9738E-06 &,9303E-04 9.90331E-06

Gl



t CASE 6-1 ) C1=C2=RisR5=RExt AND INFINITE GAIN
R&/R32M/AL, SET R3I=3,

= 1.930cEr(U=ACTUAL VALUE
SPREAD OF RESISTOR VALUES® 1,9930E¢02

R1
1.0000€¢C0

SENSITIVITIES FCR TnE ICEAL CASE

AL
«1.C300E+00

AQ
~1.0000E900
=1.0003€E+CO

REALPILE
=1.0CC0€<G0

IPAGPCLE
~6.9993€-01
$.0J90E-31

LI
=5.0C00E-014

R2
1.,0000E+0Q0

=€.992C0E-07
=1.000CE+Q0
0.
“9.992CE~G7
~5.0001€E-01
=5.C00CE-01

-5.0000€-01

t CLSE 6-2 ) FINTE GAIN
SHREAD CF FLSISTOP VALUES® 2,4931E¢02
NE 1.,93€02¢L35ACTUAL VALUE

(= “1.99205-03

R1

R2
1.0GLCEPDG 9.9602E-U1

R3
1.000CEQ0 2,4831E¢02

R3

1.,0000€+00

9.9500€-04

1.77€6E=09

=5.C000E=-03

9.9500€~01

=2.4876E-05

=3.9530€-01

1.77€4E~09

Ré&

SENSITIVITIES FOR ThE NON-1OZAL CASE

L 33

~8,9978E-01 =1.0030E-01

AL

=1¢0303E#00 ~1.0000E+CY

"
=1.000CE*00 0.

REALPOLE

«3.997(CE-01 =1.%030E-01

IrAGPILE

749659E=01 «749659E~01

7.9903E-06 =7,9397E~06

~4e0126E-03 &,0131E-02

7.9E59E~C1 +~7.9559€E-01

~4e9995E~01 ~5,0001E~02 ~1.592ZE-05 1.5880€-35

3.9973€=01 =3.9970€-01 ~7.965%€E~01

e

«5.00005-03 -5.0000€-01

3.9933E-06

R

1.9900E°02

=9,9500E-01

3.5350€-07

5.0001E-03

*9,950(E-01

2+5092E-05

$.9500E-D1

3.5350€=-07

RS

1.0000€¢00

=3.9910E-013

*9.9900£-02

~4s9900E-08

«3.9910E02

~4,5950E-01

7.9659E-01 ~1,004JE~01L

*3.5288E=06 =4.9950E~01

RS
1.0000E¢QD
-5.,0000€E-02
-1.0000E+00
=5.0000E-08¢
=5.0000€E-01
~5.0003E~01
=1.0118E-06

«5.0000E-01

RA

1.0000€00

5.0000€-01L

1.0000E+00

$.0000E-02

$.0000€-01

$.0000E-01

1.0873E-06

$.0000E~01

c1

1.0000€+00
~1,0000€+03
~1,000CE¢00
-1.0C00E¢0J
=1,0000€+00
~6,9399E-01

5.0000E=01

=5.0000€-01

R6 ci c2 L3}
1.,0000E¢00 1,0000E¢00 1.,0003E¢00 =4,C000E¢03

3.,9940E-01 ~8,997(E-01

3+9900E=01 =1.000CE00

©+9900€-01 =1,000CE*00

3.9910€-01 =8.997CE-04

4.9950E-01 =4,999SE-01

1.00640€-01 3,9976E-02

&.9950E~01 «S,030CE-01

*1.0030E-04 <9.9003E=02

«1,0000E¢0C 9.9831E-0%

$43666E-09 9.9994E-0%

~1.0030€-01 -9.,9001€-02

=5.0008€-01 5.0094E-0%

*3.9970E-01 9.9493E-02

~8,0000E-01 4.9733%€-04

c2

1.0000€¢00

*9.96462E-07

=$1.0000€+00

=1.7853E-09

~9,9642E-07

-5.0001E-01

~5.0080E-01

=~5.0000€-02

x2

“1.0000E003 =1.0000E¢J3

=1,00206-01 1.5987€-03

9.9121€-06 1.9766E-03

O 2.C000E-03

*1.0020E~01 1.5987€-03

449739E-04 9.3833E-04

L.007CE-01 -6,0027E-0w

4e9738E-06 9.9831E-04

94



 CASE 7-1 ) C13L22R22F5aRexy AND INFINITE GAIN
R&/RI=M/AL. SET R3z24,
He 1,9300E+(02a(TUAL VALUE
SPREAD OF RESISTOR VALUES=T 1.9903E¢02

L33 k2 R3 Re
1.0J33E¢J3 1.0000E+00 1.0003E+00 1.9900E¢02

SENSITIVITIES FCR THE ICEAL CASE

AL
=1.000J€00 ~5.9S20E=-07 9.9500€~-02 «9.950CE-01
AS
~3.uGC0ceCO -3.0CC0E+Q0 1eT77€64E=-09 3.5350E-07
«1.0000F+30 9. «5.,0000E-03 5.0001E-03
REALPOLE
=1.00308¢&000 -9.9920€-07 9.9509€~02 «9.9503E-02
IMACPCLE
“4%.9539E-01 -5.c{01E-01 ~2.4876E~05 2+5098E-C5
SeCGGoE-C1 -5.0000E-02 ~9.9500E~08 9.9500€-08
L1
-5.60030€-91 ~5.,5300€-01 1.T7€4E-09 3.5350E-07

t CaSE 7-2 ) FINITE GAIM

SPREad CF RESISTIR vaLUES=s 2,5031Ee82
H= 1.9647E¢00=2CTUAL VALUE

80= -1.3520E-23

R1 R2 R3] Ré RS
9.96G2E~-01 1.000CE+00 1.000CE+0C 2.4931E+402 1$.J000E+00

SENSITIVITIES FOR THE NON-IDESL CASE

L}

*9.0010E-02 =9.9900E-02 7.9661E~01 =7.9661E~08 ~3.9910E-01
114

=1.00GCeeC0 =1.300C24J0 7.9545E-06 «8.8573€-06 -3.9900E-01
H

=1.00C0Z¢2C 3. =309950E=-03 3,996TE«03 =4.99CE-01
REALPOLE

*3.031CE=01 =9.9900€-02 7.9861E-01 =7.9661E~-04 =3.9910E-01
IrAaGPCLE
~4+999%E-01 ~5.00831E-0G1 =1.5939E£-05 1.5500E-35 -~4.9350€-01

0.3080€-02 ~4,004CE-04 =7.966CE~01 7.9660E=01 ~1.0040E~0L

L1Y
“5.GC00E=L1 ~5.8000€-02 3.97SCE=06 =4 428E€-06 ~4.995%E-012

RS
1.0000E+00

=5.0000€-04
«1.0030E¢00
~5.7000E-01
«5.0000€-01
-5.0000€-31
=1.,0118E-06

-5.,00080E~01

R6

R6 c1
1.0000E+D0 1.0000€+00

$.0000£-01 «3.0000E+00
1.0000€+00 =$.0000E¢00
5.0000E-01 =1.0000€¢00
5.0000€-01 =1.0000€E+00
5.0000E-01 =4¢9999E~01
1.0073€E-06 5.0060E-01

5.0000€-01 =5,0000E~-01

c c2 K1
1.0000E*00 1.0000E¢00 1$.0000E+00 ~1,00035¢03

3.9910E-01 =9.0010€6-31 =9.9900E~02 =9,9601E-02

9.9903E~01 =1, 0000E+00 =1.0000E¢00 9.983{E~0«

“e990CF-01 ~1,0000E¢00 3I.5€30E~09 31.,0013E-03

3+9910E-01 «9.001CE-01 ~9.9900E~02 ~9,9401E-02

©.9950E-01 =4.9999€-01 ~5.0001€-01 5.0094E-04

1.0040€-01 %.001CE-04 ~%.001GE~01 9,9099E-02

4.9950E-01 =5.0000€-01 =5.0000€-01 &,9738E-04

c2

1.0000E400

*9.9642E=07

=1.000J€E+00

~1.7853E-09

*9,9642E~07

-5.0001€E-01

-5.0C0CE-01

~5.0000€-02

K2 X3
~1.0000€¢03 «1,0000€403

~9.9801€-02

Qs94T6E=04

1.7817E-06

=9.9601E-02

4.991€E-Cs

1.5987€-03

2.0002E-03

1.9991E~03

1.5387E-03

1.6031E~03

1.0330E-02 «6.0254E~00

€. 97308E-04

9.93831E~04

Le



{ CASE 3-1 ) Ci=C2=R12F22R3I=1 AND INFIMITE GAIN
R6/FS=A2, SFT RExg,

ne 3.G5301E+60xACTUAL VALUE
SPREAC CF RESISTOR VALUES= 1.990GEe02

RL R2 R3 Re
1.0000E404 1.L000E*00 1.0000E200 1.9900E+02
SENSITIVITIES FOR THE ICEAL CASE
AL
=1.0000€¢00 =9.6¢28€=-07 9.9503£-01 =9.9503€-01
A
=1.0330€¢00 =1.CCCCE0OQ 1. 77€E~-09 3.5350E-07
]
=1.0000E¢00 0. =5,0030E~C3 5.0001€-03
REALPCLE
=1.030CE000 ~9.992vE-07 9.9500€E~01 “9.9500E-01
IPAGPCLE
=6.9999£~31 -§.CLV1E-01 «2,4875E-05 2.5096E-0%
Q
$.600CE=~02 ~5.0300E-01 =9.9500€-01 9.9500E-31
17
=5.0000€~C1 ~5,0000€=-01 Le77€64E-09 3,535CE-07
( CASE 8-2 ) FIMNITE GAIM
SPREAL CF RESISTIR VALUESs 2.4369E+02
LT 1639008+39=4CTLAL VALUE
dcs -1.58%CE~-03
Rl rR2 o3 W RS

1.0CCCE*CC 1.0000E9G0 1-06005'00 2.6869E¢02 1.00C0Ee00

SENSITIVITIES FOR THE NON-IO0EAL CASE

AL

“9.0010€-03 =9.99C(E-C2 7.969%E~08 ~7.970CE-G1 =4 001JE-01
[14

*143005€000 ~1,J000E900 7.9583EC6 «7.9516E-0¢ ~9.989G5F-01
N

~1.00CLce0C 0. 4 CISCE~CI 4 00L7E~03 «S5.00uCE-02
REALPCLE

*9.001CE=-01 *9.,990C€-02 7.969%E-01 «7.9700E-01 <=4.0C1CE-01

IMAGPCLE
~4,9969E=03 *5.0001E=C3 =1.5947E=05 1.5902€~05 ~4,9950€~-01

©e0310E-01 =4,0310E-01 =7.9€99E-01 7.9699E-01 ~9.9%0JE-02

L1
“5,0000E=31 =5.0000E-01 3.9790(E~-06 <3.975CE-06 =4a9950E-d1

RS
1.0000€¢00

=5.0G00E-02
=1.0000E+00
«5.0000E-08
=5.6000€-01
=5.0004€=01
=1.0113E-06

“5.00J0E-0L

R6 ci

1.0060E¢00 1.0000E+00

©.0010E-03 =9.0040E-01

9.9899E-01 ~1.000CE¢0D

R6
1.0000E¢00

5.0000€-01
1.9000E00
5.0000€-02
5.00C0E-01
5.0000€-01
1.0073E-06

5.0000€~04

c2 X1
1.0000E000 -1.0000E¢03

$5.0000E-01 =1.00CCE000 O

4.0010E-04 =9.0010E-01

4¢9950£-01 =4,9999E-01

9+9403€-02 «,001CE-01

4+9950E-01 ~5.,0000€-01¢

C1
1.000G6E+00

=1.0000E+00
=1.0000E#00
=1.00005¢00
=1.0000c+900
=4.,9999E-08

5.0000E-04

«5.0000€~-01

*3.9%00€-02 -9.8939E-02

*~1,000C€400 1.0036E-03

1.0715€-03

=9.9900E-02 =9.8999E-02

*5.0001E-038 5.0449E-0%

~4e0010E-01 9.9501E-02

~5.0000€-01 5.0278E-~04

cz

1.0000E+00

~9.9642€E-07

=1.0000E+C0O

=1.78523€E-09

~9.9662E-07

~5.0031€-04

-5.0006€E-04

-5.0000E-01

K2

K3

=1.0000€¢03 ~1.0000£+03

~9.9804€-02

9.9476E-Ch

=9.9801€-02

5.0034E~00

1.6015€-03

2.0002€-03

1.9995E-03

1.6015¢~03

9.9833E~0%

1.0030F=-01 ~6.0027E-0w

4.9738E-04

9.9831€~04

84



¢ CASE 9~1 ) C1=C2sR1sR3=R5x1, AND INFINITE GAIN

SPREAD CF RESISTOR VALUESa 2,0030€¢02

Ry L ¥4 R3
1.3300€+00 1.0100€¢08 1.3000€¢00
SENSITIVITIES FCR THE ILEAL CASE
AL
=1.0300€+00 -9.84957E-07 9.9502€~-01
AC
~1.0000E¢C0 ~1.G6CL0CE+00 =3.5527E-09
L}
=1.0C20£C0 0. “Le9751E-C3
REALPOLE
~1.GJ0CE*LY ~9.8557€-07 3.9502€-01
IWMAGPOLE
=6.9999E-C1 -5.,0001E=01 -2.L878E~C5
5.0000€~-01 -5.C000E-01 =~9.9502E-01
Wy
-5.003G€-01 «5.CC0CE-CL ~1.77€4E=09
t CASE 9-2 ) FINITE GAIN

SPREAD COF RESISTOR VALUES= 2.49c3E¢02

ha 2.C0GCE#CI=ACTUAL VALUE
80= ~1.974¢€-03

L2
evdelTeCe

SENSITIVITIES FOR THE ANON-IDEAL CASE

L}3
=9.0109€-02

AC
=1.0000e00C0

L]
=1.0GG005 00

Qe alPOLE
~9.L1(GE-02

IMAGPALE
~6.9599E-01
Q
©.0109E~01

Wi
=S5.0uelE~02

R2 R3
1.7100E¢00 2.000CE0C

~9.493%9E-32 7T.9799€-04

~1.0000E+00 7.890€E-06

S, *3.9900€E-03
~9.8909E-C2 7.979GE-01
~5.9001E~-C3 =1.6007E-05
~4.0109€E=01 =7,9793E-01

«5.0003E~01 3.9435E-06

R

2.4963€402

=7.3793E~01

«0.368EE~06

3.9991E~03

*7.9799E-01

1.55206~05

749799E-01

=hob3WIE~06

Re
2.0000E¢02

«93.9502€E~-01
«7.1054E-07
4.9749E-03
*9.95062E-01
2.4514E-05
9.9502e-02

~3.5527E-07

RS

1.0000E¢00
~4o02508E-01
=9.9196E-01
=5,0248E-08
~4.0258€-012
=4.594%E-01
*9.6904E-02

*4.9949E-02

RS 6 c1
1.0000E+00 1.0100E+00 1.0000E+00
«5.3249€-01 $.0249E-01 ~1.0000E¢00
=1.0000E+00 1.0000E00 =1.000C6E¢u0
=5.0269E-01 5.0249€-02 =1.0000E+00
~5.0249E~-01 5.02649E-01 =1.0000E¢00
«5.C000€E-01 5.0000€-01 ~4¢,9999€E-02
2.4866£-03 =2.40866E-03 5.0000E-0L
~5.0000€-0L 5.0000E-01 -5.0000E-01
L{] c2 K1
1.0141€¢00 1.0000E400 1.0000E+00 =1.0000E+03
4.0258E-01 -9.0109E-01 ~9.8909E~02 =9,8396€E-02
9.9898E-01 =1.0000L¢00 ~1,0000E+00 1.0019E-03
5.0208E-01 ~1.,00GCE+00 O 1.0019€-03
4o0258E~01 -9,0193E-01 =9.8923E~02 -9,89965-02
409949E=01 ~4,9999E-01 ~5.0001E~01 5.0272E-04
9.6909E-02 &.0106€-01 ~4,0109E-01 9.,9496E-02
6.9949E-01 ~5.000CE-DL ~5,0000E-01 5.0093E-0¢

c2
1.0000E00

-9.9087E-07
=1.0000E¢00
0.
«9.9087€-07
=5.0001€-01
=5.0000E-02

=5.0000€-02

X2 X3
~1.0000E¢03 ~1.0000€¢93

~9.8807€-02 1.6126E-03

9,9121E-06 2.0073E-03
3.5527€-06 2.0108L-03
“9.8907€-02 1.6126E-03
4.9739E-06 1.0037€-03
9¢9303E-02 =6.0936E-0%

49730E-06 1.,0019E-03

64



t CASE 10-1 ) C1=C2=R1zR32R6>1. AND INFINITE GAIN
SPREAD CF RESISTO VALUES® 2.0200E¢02

R1
1.0000€E400C

SENSITIVITIES FCR THE ICEAL CASE

AL

=1.,0005E¢00
Al

«1.0040E¢00
L

*1.000C€+00
REALPCLE

«1.00CCE+CD
IMAGPOLE

~4.9999E-01
Q

$.0C00€=-01

L1}

=5.0000E-21

Re
1.0100E+00

«9.8957E~07
=1.0(0CE*00
2.
~G.8G57€~07
=5.0001E-01
«5.,0008E-01

~5.0000E-01

R3

1.0000E+00

9.9502E-02

=3.5527E=99

~4.9751E-03

9.9502E-018

*2.,6878E-05

=9.9502€-014

*1.77€4E~09

¢ CASE 10-2 )

SPREAD CF RESISTIR valUeSs 2.5314E+¢02

FINITE GAIN

H= 2.0043<¢L0sACTUAL VALUE
aC= =1.97a2€-03
|1 R2 R3
1.0CLUE+J6 1.01CJE*00 1.0J0CEeO0Q

SENSITIVITIES FNOR THE MON-10Z2L CASE

4
*9.0139e-01

AD
*1.30CCEQ0

H
=1.0UOCEOC

ReaLPoLs
=9.31C09€-01

IMAGPOLE
=4.99995E-C1
4.0109€-01

we
=5.vCIE~08

*9.3909E-L2 T7.9799E~01

=14000CE*CO  T7.887CE-06
0. =3.99CiE~03
=9.890GE~v2 7.9799E-01
“5+J001€-01 =1.6007€-05
“4eC109E-CL ~7.9799E-012

=5+0000E~G1 J.9435€-06

Rb

2.0963E+02

=7.9793€~-01

=8.4252E~06

3.99C0k~03

~7.9799E-01

1.5520E~CS

Te979%E-01

=3.9909E-06

R4
2.0000E+02

«9,9502E-01
*7.1C54E=-Q7
449759E-03
*9.9502E-02
2eb54UE=QS
9.95G2E~01

~3.,5527€=-07

RS

9+8613E-01
~hey258E-01
*9.,9092E-014
=5.0206LE-01
=6.0258E-03
~4s9943E-03
-9.690%-02

*4e9949€E-01

RS R6 [
9.9010€E-01 1.0003E¢00 1.0000E¢00
~5,0249E-01 $5.0269E=-01 -1.0000€E+00
=21.0000€+00 1.0000E400 ~1.0000£200
=5.0269€-014 5¢0249E-01 «1.0000E#00
~5402469E-02 5.0249€E-01 «1.0000€¢00
=5.0000€E-01 5.0000€-01 ~4.9999€-01
2.4866E-03 ~2.4866E-03 $.0000E~04
«5.,0000E-08 5.0000E-34 ~5.,0000€-01
R& c1 c2 KL
1.,0000E200 1.0000€E¢00 1.0000E¢00 ~1.0000€¢03
4¢J258E-01 =9.0109E-01 =9,8939€-02 ~9,899%E-02
9.9893E-01 ~1,C0C0E+00 =1.,0000E¢00 9.,9331E-06
SeJ24RE-01 =1.000CE+00 0. 1.,0002€~-013
4,0256E-01 =9.0309E-01 ~9,8909C-02 -9,8993E-02
€e9949E~01 =4.9999E~0L ~5.0001E-01 K.0272E-0%
9.6909E-02 4oC109E-01 =4oCi09E-01 9.9496E-02
4+9949€~08 -5.,0000€-012 -5.0000E;01 4.9916E~06

c2
1.0000€+00

~9.8810E-07
=1.000JE+00

L.7764E-09
=9.8810€-07
~5.0001€~0¢
-S.0000€-01

~5.0000€-08

X2
=1.,0000€+03
=9.8807€-02

9.89643E~04
0.
“9.8807€~0¢
4+e9739E-CL
9.9303E-02

4.9560C=Cu

X3

=1.0000E+D3}

$.6156E-03

2.0108£-03

2.0108E-08

1:615«€-03

1.0054E-03

*6.0936E-04

1.0056E-03

08



( CASE 11-1 ) C1=C2=R1=Ru=Rb=1. AND INFINITE GAIN

SPREAD OF RESISYOR VALUES= 2.0200E+92

R1 R2 R3
1.C000F+00 1.010CE+00 5.0000€-03

SENSITIVITIES FCR TME JCEAL CASE

AL

~1.0L000€¢30 ~9.9237€-07 9.9502E=01
A0 ..

=1.CJJCE*GCS =1.CG30E*00 7.9936E~-12
]

=1.0050E00 Q. ~be8751E-03
REALPOLE

=1.02)0¢€00 «5.9232€-07 9.9502¢~-01
IPAGPOLE

-4 29999E=01 -5.0201€-02 =2.40876E~05

5.G300e-01 -5.0C3CE=-02 *%.9502&-01
L]

=5.0023¢-01 -5.0000€-01 Labb09E-11

{ CASE 11-2 ) FINITE GAIN

SPREAD CF RESISTOR VALUES:T 2.5213£+02
H3 2.90C0E+00=ACTUAL VALUE

BC= ~1.9782E-03

R: 2 R3 R
1.CG00E*CC 1.3133E+00 &.006uE-CI 1.0003E¢00

SENSITIVITIES FOR THE NON-IDEAL CASE

AL

*9.0109E-31 =948909E~32 7.979%E-01 =7,9799€-D1
Al :

~14CJCCENCC ~1,0000E%00 7.892%E-06 =2,8377€-36
L]

=1.3000F¢Cy Qo =3.9760E-03 J.9900£-03
REALPOLE

«9.0109E-01 +9,9909E-02 7.979%E=01 ~7.9799E~-01
IPAGPILE

*5.99958~01 =5.0001E=01 =31.5004€-C5 1,5033E-05
Q

#e0209E=-22 =L 0209E=01 «T7.979¢E~G1 ?7.9799E-012
We

*5.0000E-01 =5.0000E=08 I 9EWE-06 ~3,9473E-0E

Re

1.0000E¢00

=9.9502€-01

«3.7764E-09

§.9751E-03

=9.9502E-01

2.46875€-05

9.8502E-02

RS

9.8€13E-02

~4.0258€-01

=9,9898E-01

=5.0240E-01

=44 0258E-01

“4e5969E-0L

~9.6939E-02

=4+9949E-01

RS R& CcL
9.9010E=01 1.0000E+00 1.0000E¢00
*5.0209€-01 5.0249€-01¢ =1.0000€400
=1.0000E+3) 1.0000E+00 ~1.0000E+02
=5.0249E-01 $.0249E-0L =1.0000€¢09
*5.,02L9€E-08 5.02L9E-01 =1.0000E+00
=5.0030€-01 $.0000€~-01 =409999E-012
2.4866E£-03 ~2.40866E-03 540000E-08
=5.0)00€-01 5.0000€~3¢ =5.0000€-01
R6 c2 (3}
1.0000E¢00 1.0000E¢00 $.0000E¢00 ~1.00J0E403
4.0258E-01 =9.0109E-01 =3.8909E-02 ~9,8999E-02
9.9890E-02 =1.0000E+00 =1.0000£¢00 9,9831E-0%
5.0248E-01 =1,0000E+00 3.5527€«09 1.0072E-03
o 0258E-01 «9.0109E~01 =9.,8907E~02 ~9.8999E-02
409969€E=01 =6,9999E-01 =5.0001E-01 S5.009&E=0¢
9.6909E-02 . G13SE-01 ~%.0109E-01 9,9493E-02
4+9949E=01 =5,0000E=-01 =5.0000€-01 5,0093£-06

c2

1.0030E¢00

~9.91365€~07

=1.,0000€¢00

=3.5527€~09

-9.9365E-07

~5.0031€-01¢

=5.0600E-01

=5.0000E-01

K2

K3

=~1.0003E+03 =1.0000£¢03

=9.8813E-G2

9.9121E-04

3.5527€-06

~9,8833E-02

©.9739E=04

1.6126E-03

2.0108E-03

2.0 144E-CS

1.6126E-03

1.005E-03

9+9305E-02 =6.3709E-0%

$.9383E-06

1.0054-03

18



¢ CASE 12-1 ) C1=C2=R13R2=R4xg, AND INFINITE GAIN
RE/RS=AL ANL SET RE6=8.
M3 1.330TEv(GACTUAL VALUE
SPREAD OF RESISTOR VALUES® 1.9900E¢02

Ry r2 R3 Re
1.0000E¢C0 1.03GCEXD0 5.0251€-03 1.,0000E400
SENSITIVITIES FCR THE ICEAL CASE
AL
=1.00CCE*CD =9.9920E~07 9.9500E-01 “9.9500€-01
AQ
=1.0000E+00 ~1.,C000E*0Q0D 9.8191E~-11 =1.7764E~D9
«4.C000E+00 C. *5.0000E-03 $5.0009E-03
REALPOLE
~1.0000E»CO =5.9920e-07 9.95060E=-01 *9.95G0E-08
IraGPCLE
*4.9939E-01 =5.04C1E~02 ~2,487HE~0S 2.4875E-05
Q
5.0900€-01 ~5.0000€-01 =9.,9503E-01 9.950C€E-04
ue
=5.0330E-21 -5.03C6E-02 5.3558E~11 g.
t CASE 12=2 ) FINITE GAIN
SFREAD CF RESISTOR VALUES= 2.4L8E9E¢02
LEd 1.390%c+lJ=aC0T0LLL VALUE
8(= *~1.9830€-33
Rl R2 R3 R4 RS

1.00C0E+0C 1.0002E+(C 4.0211E-03 $.0000E«00 9.9602E-01

SENSITIVITIES FOX THE MON-IDEAL CASE

RS
1400G0E000

=5.0000E-0L
=1.0000£¢00
«5.0000E-0¢
~5.0000E-04
=54, 0000E=-01
=1.0027€E-06

~5.0000E-02

R6

1.0000E¢00 2$.0000€¢00

R6
1.0000E¢00

5.000CE-0Y
1.0000E+00
5.0C00E=-01
5+0000E-QL
5.0000€E-01
1.0050€-06

5.0000£-01

c1

ci

1.0000E+00

=1.0000€E+00

*1.0000E¢90

=1.0000E+00

=1.00GCCE*QD

=64.9999E-01

5.0000€-01

«5.0000E-01

[ K1
1.0000€400 «1.0000€¢03

Al

=9.0010E~01 ~9.99020€-02 7.969%E-01

AC

=1,J0ICECOC ~1,0000E¢L0 7.9620E-06

"
*1.0000E03C O

REALPOLE

~4,0050€E~-03

=9,003CE~0) «9,.9900E-02 7.9699E-D1

IrACPCLE

~4.9999E=-31 -5,0001E-03 ~1.59LLE~0S

[}
«.0030E=CY =4, 3010E~08 =7.9693E-08

LT
«5.0000€~C% ~5.000CE=CY 3.9810E-06

“7+9699E-01 -4 0010E-01

*749652E~06 =9.9d93E-01

4e0050E=03 =5.00U0LE=CY

=7.9699E~01 ~4,0010E-01

1.5943E=05 ~4.9950E-01

T+9699E-01 =9.9400E-02

“3.9826E-06 =4.5950E~01

4.0030E-01

949899€-01

5.0009€-01

4+0010£-01

449950€-014

9.940CE-32

4+9950E=-014

-9, 001CE-01

“1+000CES0Q

“1.000CE+00

=9.001(CE~-01

~%49999€ 01

4.001CE-01

=5.0000€-012

*9,9900E-02

~1,0000€400

=447853E-09

“9.9300€-02

«5,0001€-02

~4.0010E-04

=5.00032-01

*9.8996£-02

1.0019E-03

1.0358€-03

*9.8996E£-02

S.0L69E-D0

9.9496E-02

5.0093E-04

c2

1.0000E+00
=1.0020E-06
=1.0000€E+00

1.7853€-09
=1.002CE-06
-5.0001€-01
=5.0000E-02

-5.0000E~01

X2 X3
=1.0000E403 -3,0000€E+03
“9.9798E-02 1.6043E-03

9.9124€-0¢ 2.0037E-03
1.7853E-06 2,0013€-03
“9.9798E~02 1.6043E-03
4.9916€~04 1.0019€~03
1.0029E~02 =6.0254E-0¢

4.9560E~06 1.0019¢~-03

<8



¢ CASE 13=1 ) C12C22K12R22R%s1, AND INFINITE GAIN

R3/AW338/1 BNG SET
M3 1,93CCE.CC=aCTUA

Risti.
L VALVE

SPREAC OF RESISTOR VALUES2 1.9930E¢02

Rt
1.008C€200

SENSITIVITIES FCR TME ICEAL CASE

AL
=1.0530¢e+C0

AQ
=1.0000E¢00
=31.0000t¢C0

REALPOLE
=21.GCJJ€+30

IPACPCLE
*6.9995&-01

$.0000€-01

wo
=5.0CCvc=~01

¢ CASE 13-2 ) FINI
SPREAD CF ReSISTOR
He 1.99C0F¢C0=A
9= =~1.,9e830€-23

R1 R2
1.J000E90C 3.00C

R2

1.000CE*00

=§.9920€-07

=1.0000£¢00

8.

=9.952CE-CY

=5.0001E-012

=5.0300E=-31

=5.G000E-02

TE GAIN

R3

5.02¢4E-03

9.9500£-02

9.8191E~-11

«5.0000€=-33

9,950%9€=31

*2.44876€E-05

=9,9500€-01

5.3558k~-11

VALUES= 2.49E8E¢02

CTUAL VALUE

R3
OEeid «.0211E-03

R4

SCMSITIVIYIES FOR ThE NON-IDECAL CASE

a1
~9,0010E-01 -9.99¢C

LY

=1.9C00E%030 -1.000
L]

~1.00CCELQOC Q.

REALPCLE
-9,J015E-81 -9.990

IrAGPOLE

“443399E-01 «5.0001€=C1 =1.5944E-05

Q
4.0010E-01 ~4.001C€~01 =7.3€99E-01

L1
~5.,0000E-01 =5.0C0

GE-T2 7.3699E~u1

0E*00 7.9620E-00

~4.005CE-03

0E-02 7.9699E-01

CE-C1 3.9810E-06

1.0000E¢00

=7.9699E-01

=7.9616E-06

4,0056c-03

=7+.9699€-01

1.5967E-05

7.9699E-01

=3.9426E~30

R4
1.,0000E400

*9,9500€-01
=4.7764LE=-09
S+C000€E-03
+9.9503€£-01
2.4875E-05
9.9580€E-01

0.

RS

1.000CE*0)
~4eJG10E-0L
-9,.989%€E-01
~$.C00JE-D8
~4.3013€-01
“4e1995)E-31
=9.,9400E-02

“4e9950L-01

RS R6 c1

1.0000E¢00 1.0000€+00 1.000CE*00
=5.CJ0NE=-01 $.0000€-01 «1.,0000€¢00
=1.0000€¢02 1.0000E¢00 “1+G000E*0Q
*5.0000E-01 $.000CE-01 =1.00C0E*D]
~5.0080F=01 $.030G6E-0L =1.GULOECY
=5.0000E=01 5.0000€E-01 ~4+9999E-01
~1.0027€~Ce 1.0050£-06 5.0000€E-01
«5.0000E-01 5.0000€-014 =5.0000E-04

f6 c1
1.0C60E+30 1$.0000E¢00

4.0010E-08 =9.0010€~-014
9.9499E=-01 =1.C00(€+00
5.0000€-01 ~1.0000€¢00
4+0010E-01 =9.0010€E~-01
449950E-01 ~4.9995E-01
9.9400E~02 +.001CE-01

©+9950E-01 =5.0000E-01

ce2 X1
1.0000€¢00 -1,0000E+23

=9,9900€E-02 ~9.9001€-02
=1.0J00€E+00 1.0019€-03
“1.7853E=09 9.9798E-04
=9.9900€-02 =9.9301E-02
~5.0004E-04 5.0272€-0%
=ke0010€-01 9.950LE-02

*5.0000E-01 5.0093~0¢

c2
1.0000€400

=1.,0020€E-0€¢
=1.0300€E+00

1.7853E-09
~1.0023€E~06
=5.,0001E-01
-5.,0000€~01

«5.0000€-04

X2 X3
*31.0000€+03 =1.0C00E*03

=9.9801E-02 1.5987E-03
9.9¢76E~04 2.0002€-03
«1.7853E-06 2.0013€-03
“9.9801E-02 1.5987€E-03
4¢9916E-06 1.0001E-0)
1.0030E~01 ~6,0027E-04

£e9738E-066 9.9831E-04

£8



¢ CASE 14=1 ) (1=C2=R12R2=R6x1, AND INFINITE GAIN
R3IsRkes81/ns AND SET RIs1.
Ha $.95C03Ee0ACTUAL VALUE
SPREAD CF RESISTOR VALUES3 1.9900E¢02

R1 L¥d R3 R4
1.,00GCE+G0 1.000LE00 1.0030€00 149900E¢02
SENSITIVITIES FCR THE ILEAL CASE
a3
=1.000CE9CO ~9.932CE-07 9.9500€-01 =9.,9500F-04
ag
=3.0005E4C0 ~1.C000E«0Q 1.77€4E-09 3.5350€-07
H
~1.0C00E+30 g. =5.00C0E~0Q3 $.0001€-03
REALPOLE
=1.C300€E+$d =9.992CE-07 9.9510£-01 =9,950%€-01
TrAGPOLE
~6e9999E-21 =5.0L)1€-01 =2e4876E-05 2.5098E-05
]
5.0600£-01 =5.,000CE-01 ~9.9500€-01 9.9500£-02
w0
*5.000JE=-32 =5.0030€-01 1.7764E=-09 3.5354E-07
¢ CASE 1w=2 ) FINITE GAIN
SPREAQ CF KESISTOR VALUES=z 2.49€685402
HE 1.9900€¢C0=ACTUAL VALUE
ac= =1.9882E=03
Rl R2 R3 Ri RS
1.0CC3Ce0C 1.JCODEJ0 1.00CGE*00 2.L869E¢Q2 9.9602€-C1

SENSITIVITIES FOR THE AON-1DcAL CASE

AL
“9.0610E-01 -9.9900€-02

AQ
~1.000CE*00 ~21,0000E+00

L]
«1.30CCE*00 Q. ~4.005CE-03

REALPILE
“9.C01CE-01 =9.99C0E-02

IraGPCLE
“4.9999E-03 ~5,0001€E~01 ~1,5345E-09
Q

©eC010E=~03 ~4.CO0L0E=03 =7.369%2E~01

L1]
*5.000CE~01 ~5.0008£2-01

749699E-01 =7.97U0E~31 =4.0010€~-01

7.961€E=06 =7+9516E=-06 =9.909%€-012

4ed05€E-03 ~5.0u0vE-01

7:9699€-01 =7.970J€-01 =4,Cuil€-01

145903E~05 =4.995JE-01

Te9699E-01 =9,90400E-02

349790E~06 ~3.9758E-06 =4.9950€-01

RS R6
1.0000€¢00 1.000CE¢Q0
-5.0000E-02 $.0000E-04
«1,0000€+00 1.0000E+00
~5.0000€-01 $.0000E-01
~5.0000E=-02 $.,0C00€-01
=5.0000E-04 $.0000E-C1
=1.0118€-06 1.0073€-06
=5.0000€E-0L $.0000E-01
R6 c
1.00C9E%00 1.000CE«00

4e0040E=02 ~9,004CE-01

9.98393E-C1 =1.60CGE+D0

5.0000E-01 =1.CJ00E+00

4.003JE-01 =9,0010E-02

4+9950E~01 =.999%E-08

9.9400€-02

4+9950E-01 =5.000CE-0L

4.0010€-01

=1.0003E¢00

=1.7853€E~06

-5.0001E-018

“4.0010E-01

=$,0000£-01

C1
1.0000E#00

-1.0009€+00
«1.0000E400
=1.00C0E+00
=1.0000E¢00
=4.9993€~-01

5.0000E-01

-5.0000€-01

X1

c
1.0003E¢00 ~1,0000E+03

=9.9900€-02 -9.8999E-02

9.,9331E~04

1.0035E-03

«9,9300E-32 ~9.899%E-02

5.0094E-00

9.9499%€~02

©.9916E-0¢6

c2

1.0000€+00
*9.9642E~07
=1.0000€+00
~1.7853E-~09
“9,96L2E~07
~5.0001€E-01
=5.0004€E-01

=5.0000E~-01

K2 K3
«1.0000€+03 ~1.0000E+03

=9.9801€-02 1.6015E~03

9.8943E-04 2.0002€-03
=1.7853E-06 2.0031€-03
“9.9%01E-02 1.6015E-03
Le9739€E-0& 9.9833E-04
1.0029€-01 =6.00627€-0n

€.9383E-06 1.,0019€E-03



¢ CASE 15-1 ) Ci=C23R2zR3I=RS=1, AND INFINITE GAIN
SPREAD CF RESISTOR VALUES= Z.DZDOEtDZ

R1 R2 R3 Rt
9.9010€=-01 1.C00GE+Q) 1.C030€00 240000€002
SENSITIVITIES FCR THE ICEAL CASE
AL
=31,0300€+C0 «9.9920E-07 9.9502E-012 =9.9502€-01
1]
«1,3090E¢00 =1.00JLE000 0. 0.
H
~1.C000€¢0Q2 8. “6.,9751E-03 ©.9752€-03
REALPOLE
=31.0023E+00 =9.992LE-07 9.9502€~01 -9,9502E-02
IMAGPOLE
-449939c=01 =5.000€~01 «2.4876E-05 2.4869€E-0S
5.0000€-01 =5.0000€E-01 «9.95)2E~04 9.9502E~01
o
«5.0800€-01 ~5.0C2CE-02 ' 0.
¢ CASt 15-2 ) FINITE GAIN
SPREAC CF RESISTOR VALUES= 2.5276£¢02
Hs 2.0C(2c+03=aCTuaL VALUE
8SC= “1.9S%CE-03
R1 ]2 R3 R RS

9.90583~2 1.000CE¢C0 L1.0J0JE*00 2.5025E¢02 1,000CE+00
SENSITIVITIES FOR THE NON-I0EAL CASE

Al
=9.0010E-01 =9.99C00E-02 7.9502E-01 =7,9602E~01 «3.9761E-02

AD
~1.000CE+0C -3.0003E+0C 7.95L5E=06 =7.1125E-06 =9.8300E~0¢

L}

=1.0000ceCC 0. ~3.98G1E~G3 3.3A0LE~03 =4,9751E-0)

RELLPOLE
=3.0010€E-01 =9.9900E-G2 7.9602E-0G1 =7.9602E~01 =3.9761F-01

1FAGPCLE
“6.9599E-02 ~5.0001E-01 =1.5925E-05 1.6442E=05 =4.39506-01
4eGGLOE-CL =4.0010E-CLt =7,9601E-G1 7.9601E-01 ~=1.0189E-08

We
=5.0000E=03 =5.0000E=01 3e9755E«(06 =3.5563E-06 «6,9959E-01

RS R6 c1

1.0030€¢00 9.9080E-04 $1.0000E+00
~4e9751F=0¢ 4.9751€E-02 «1.0000€¢090
~1.0040€¢00 1.0000E+00 «1.0000€+00
b s9751E-01 4.9751E-01 «1.0000E+00
~4s9751E-01 4, 9751E-01 «1.0000£+00
=5.0000E-02 5.0000€-02 -6.9999€-01
*2.48086E-03 2.4286E-03 5.0000E-01
«5.,3000E~01 5.0000E~-01 =5.0000E~-02
R6 CcL c2 X1

9.9403c-01 1.000CE+Q0

3.9761E~01 =9,001CE-01

9.9900€-01 =1.000CE00

©e8754€-01 «1.,0000E+0Q

3.9761E-01 «9,601CE-02

4.9950E-08 ~4,9999E-01

1.01839€~01 &.004CE-0L

4¢9950E-01 =5.040GCE-01

1.0000€E¢00 ~21,0000£¢0)

~9.990%€-02 ~1.,0000E-012

~1.0000E¢400 1.0019E-03

O 9.9431E-00

«9.9900€E~CZ ~1.0C00€-02

=5.0001k~08 S.0272E-0%

~4s0010E~04 1,0050€~018

=5.6000E-01 540093E~04

c2
1.0000£4 00
~1.0320€~0¢
-1.0000E¢00
0.
~1.002GE-0€
~5.0001E-01
~5,0000E-01

=5.0000€-01

L ¢4 K3
«1+0000E403 «$.0000€03
=9,9801F-02 1,5932€~-03

9.9476E-04 1,9931E-03
0. 1.9931€~03
~9.9801E-02 1.5932€-03
4.99L6F=04 9.9655E-0%
1.00306=02 ~5.9572E-0¢

4s9738E-04 9.9031E-0N
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( CASE 16-1 ) CLaC2:R2xRIsNR6=1, AND INFINITE GAIN
SFREAC OF RESISTOR VaLUES= 2.0200E¢02

R1
9.9340E-21

SENSITIVITIES FCR THE ICEAL CASE

AL

=1.0800CE+C2
AL

=1.0006&¢C
]

=143C30Ee¢00
REALPCLE

«1.0200€+00
IMACPOLE

~6.9999£-02

5.0000€-01

L9

=5.0000€-012

U CASE 1&-2¢ )

R2

1.C0GLE*00

~1,002C€-C6

=1.0C20E30

N

=1.002(E-06

~5.0001E-02

-5,0000E-01

=5.G00LE-2¢

FINITE GAIN

]R3

1.0000€000

9.9502E-01

0.

~4.9751E~03

9.9502g-02

~2.6875E=-05

=9.9502&-01

SPREAD CF PeSISTOR VALUES= 2,5276E¢02
HE 2.30C3E+CO2ACTUAL VALVE

A= =1.959%0E~33

Re

9.9003€E~01 1.CQ0CE+0G

R3
1.G00CE*00 2.,5025E¢02

R&

SENSITIVITIES FOR THE ANON-IOEAL CASE

Al

=9.0C40€~-01 =9.9900E-G2 7.9502L-01 =7.96026~02

AG

=100CJC#0C =2.,0000EvCO

H
-1.0CC0E¢C0 O,

REALPOLE

=9.301L0E-02 =9.9900E~C2

IrACPILE

7.9545£-06 =7.5571€E-06

~3.9801E-03 3.978€E-03

7.9602E-C1 ~7.9602€-01

~0.9996E=01 =5.0001E-G1 ~1.,5925E=05 1.6003c-05

4o001CE-02 ~4,0010E-02 =7,9601E-01 7.9602E-04

we

=5.0000E-04 ~5,0000€-01

3.9755€-06 =4.D00BE~-08

R

2.0000E02

~9,950¢E-01

0.

4eI746SE-03

~9.3562€-02

2.4869E-05

9.9502€-01

0o

RS

1.0060E+00

=3.9761€-02

=9.9303€E-03

“4s9751E-01

=3.9761€-01

=4¢8950E-012

=31.0189E-01

=4.9953E-01

RS

1.0100€+00

~o9751E~01

=31+0000€+03

“he§754E-01

~4.9751C-04

=5.0000€-04

=2.4886E-03

=5.0000E-04

R6

1.,0000€¢00 1.0000E¢00

3.9761£-01 =9.0C1CE-0L

9+9900E~-04 ~1.0C3CE+00

R6

1.0000€+00
4.9751E-04
}.ODDOE'OB
£.9751E-01
4.9751€-01
$.0000€-08
2.4886E-03

5+0000E-08

c2
140000E+00 =1,0000E+03

% 9751E-01 =1.,0000E¢30 O,

3.9761€-01 ~9.0015€E-01

4.9950E-01 ~4.9999E-01

1.0189E-01 &,0080E-01

©¢995C€=01 ~5.000CE-D2

=5.0020E~-01

Cct

1.0000€+00

«1,0C00E+00

=1.0000E+00

=1.000CE* 00

«1.000G0E+00

=649999E-01

5.0000€-21

-5.0000E-01

i

*9.9900E-02 ~1.C009€-01

=1.0000E¢00 9.9476E-04

1,0049E-03

-9.9900E-02 ~1.0000E-0¢

~5.0001E-02 5.0094E-00

=4s0G10E~01 12.0050£-012

c2

1.0000€¢00

*9.,9365€-07

~1.0000£¢00

G.

=9.9365E-07

«5.0001E-01

~5.0000€-01

~5.0000€-01

K2

K3

~1,0000£¢03 ~1,0000E¢03

~9.9801€-02

9.8765€~-04

~3.5527E-06

~9.9801€-02

L.9739€=04

1.5932£-83

1.9931E-03

1.9931E-03

1.5932E-03

9.9655E04

1.0029€-01 =5.9572E=04

©.9730E-00 §.9383E-04 9.9831E-04
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( CASE 37-1 ) C13C2=R2=Rue*RExi, AND INFINITE GAIN
SPREAD QF RESISTOR VALUES= 2,3000E¢02

R1 R2 R3

1.0900&¢C0 1.083¢2000 5.0000€-03
SENSITIVITIES FOR THE ICEAL CASE
AL

“1.000CkeCE =1.0002E~06 9.95082€E~01
AC

“1.000CceC0 ~1.0000E¢00 8.8818¢E~-11
H

~1.0000k¢CO O 4 ,9751E~-C3
REALPCLE

“1.6020E¢50 =1.0042E-06 9.9502E=d1
IraACPCLE

*4%.9999E-03 -5.0001E-01 =2.4E29E-05
Q

5.0000€~-(2 ~5.0000€-01 *9.9502E-01
we

«54CL00E-08 ~5.L00CE-DL 4.4609E-11

{ CASE 17-2 ) FINITE GAIN

SPREAC CF RESISTOR VALUES= 2.,5175E¢02

Ha 2.C0L0EeCO=ACTUAL VaLUuC

8C= =1.5590£-33

L3
9.93C8E-01

SENSITIVITIES FOR THE MON=]DEAL CASE

As
=3.001C£-02

AC
“2.00CuE0C

N
~1.060CE000

REALPCLE
~9.0010€-01

IrAGPCLE
=4.9399E-v}
Q
4o 0010E-012

o
“5.0CU0E-G2

1.0h00€006 3.99€Q0€-03

=3.9900E-02 7.9632E-01
=1.0000E¢03 7.9522E-C6

Q. -3.9501E-03
=9.9900€-62 7.9602€~C1
~540001E~01 -1,5925€~05
*4.0040E~01 =7.9601E-01

*5.030CE~C3  3.9761€~06

Ry

$1.0000€400

=7.9602E-01

=7.9510£~06

3.9801E-03

=7.9602E-01

1.5925€E-05

7.3001E-01

*3«9755€E-06

Ré4

1.0003E%08

=9.9502€-01

=3.5527€E~09

4.9752E-03

~3.,9502€-02

2.4626E~05

9.9502E-02

=1.7764E-09

RS

1.0063E000

=3.9261E-01

=9.9900E-92

~4,9751€-01

=3.9761F-01

~4.995¢E-01

~1.v185E-014

~4.9950£-01

c2

1.0000E+00

=1.0070F-06

«1.0000E¢00

7.1410E-09

-34,0070€E-06

=5.0001€-02

=5.0000E~018

=5.0000E-02

RS R6 Cc1
$.0000E+00 1,0000F¢00 1.,0000€¢00
«5.0000€-01 5.0000E£-01 =1.0000€000
=1.0000E¢00 1.0000€00 =1.0000€E200
-5.0000E-01 5.0000€E-08 =1.0000E°00
«5.0000E-01 5.,0000E-01 «1.0000€20Q0
=5.0000E-02 5.0000E-02 =4.9999E-01
=1.0136E-06 1.0158E-06 5.0000€-01
=5.G000E=-02L 5.0000E-02 =5.0000E-01
R6 c1 c2 K1
1.900CE#00 1,0000E+00 1.GIJVE+00 =2.0000€E403
3,9761E-01 =9.C00L0E-01 =9,9900E-02 -1.0000F=-01
9+990JE+02 ~1.0C0GE*00 ~1.,000G€E400 9.9831E-04
4.9751E-01 =1.,0300£¢00 0. 9.9831E-0%
349761E-01 «9.C01CE~0L =9,9900€~02 «1.,0000€E~01
€e99502-01 =4,9999E-01 =5.0001E-01 S.C094F-06
1.05409E~01 4.0010E~01 ~=4,0010E~01 1.0050E-01
4e9950E-04 ~5.000C0E-02 ~5.0000E-01 5.0093E-Cé

K2

X3

=1.J000E+03 -1.,0000E+03

=9.9803E-02 1.5932€-03
9.9121E~-04 1.9931E°Jl
g. 1.9931E-03
=~9.9803€-02 3.5932E-0)
4e973J9E-06 9.9655E-00
14003GE=01 ~5.9345E-06

6.9383E-06 9.9831E-0w
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SPECIFIED COEFFICIZIMTS,GAINS OF THREE OP=-AMPS,INCRZMENT FOR D!FFERENYIAY!ON-NAXIHUH ERROR FROM NEWTCN ALGORITHF aND Q

.1 ApQ Ki K2 ox ER
J320E-32 1., £9C22+20 2 00C3E*DD -1.0003€¢03 =1.0000€¢03 -1.00005'03 1.0000E-06 i 00005°12
(CAS28-11C82C23R1=R23R3=R521 AND INFINITE GAIN
Ha 1,3903Z¢C0=aCTUAL VALUE
SPREAD OF RESISTOR VALUES= 1,9900€¢02
R1 R2 R3 Ra RS R6 ct c2
1.0030E¢02 1.LD0CE+OO 1.0000£¢00 1.,9900E+02 1.0030€eq0 1.,0000€¢00 1,0000€¢00 1.0000E¢Q0
SENSITIVITIES FOR INFINITE GAIN OP<-AMP
Al
=1.C003E*00 -9,9920&E-97 9,9500£=-01 =9,9500E-01 «5,0000£-08 5.,0000E-01 «1.0000€E¢00 ~9,9662E-07
ag
=1.030C€+CO -1.003CE+30 1.7764E-09 3.5350E~07 «1.,0000E00 1.0000E+00 «1,0000E400 ~31.,0000E00
H
~1.0000c¢0) De ~5.0050£E-03 5.0001E~03 =5,0000E-0% 5.0000€~01 =1,0000€E+00 «1.7853E-09
REALPOLE
~1.8000€°CD =9.592CE~-07 9.9500E-02 «9,9500E~01 =5,0000€-01 $.0800E-01 =1.0000E¢02 *9.9642E-07
IMACPOLE '
-he99992-01 «5.00C1E=-Q1 *2,4876E-05 2.5098E-05 «5.0030E-01 $.,0000E~012 -l,9999E=-01 «$,0005E-01
Q
5.0300¢&=22 «5.0000E-01 “9.9500€-01 9.9500E-01¢ =1,0118€-06 1.0073E-06 $.0000€E-02 =5.0000E-014
NG
«5,0530e=-04 -5.CL336E-01 1.7764E=09 3.5350€-07 =5.0000€=-04 5.0000E-02 -5,0000€-01 «5.,0000€-01
(CASZ9=-2) FINITE GAIN
SFREAS CF RESISTOR VALUESz 2.48€95¢02
HE 4,990 ¢0)=ACTUAL VALUE
Bis~1,98302-2
Rl R} 1% RS RS [o¥4 [ 43 K2
1.00002¢008 21.2C002¢00 1,3000E000 2.,4869E¢02 1,0000E¢00 2.00L0E¢00 $£.0000E¢00 1.0000E¢00 =-1.,0000E403

SENSITIVITIES FIR FINITE GAIN OP=-AMP

a1

~9.83102-04 ~-9.9930E-02 7.9699E-01 =7.9700E~

AQ

=1.0C0C2¢35 =1.0000ECO

H

=1.30045e00 O,

REALPCLE

=9.0310E-01 =9.990UE-02

INAGPOLE

“4s9599E-J1 ~5.0001E-02 =1.5947E-05 1.5903E-

©e03102-02 =-4.0C10E-02 ~7.9699E~-012

L34

~5.0000Z-C1 ~5,0300E-02

*bo005CE-03 4,0067E~

7.9581E~-06 =7.9516E~

7.9699E-01 =2.9700€~

3.9790E-06 =3.9758E~

7.9699E~

04 =4,0010E~01

06 -9.9899E-01

03 -5,0000£-01

01 =4.J0210E-01

05 =4,9950E-0¢

01 =9,9400E-02

06 -4.9950E-01

440010€~02 ~9.0010E£-01

9.,9899E-02 =1.,0000E¢00

$.0000E-01 =1,0000E¢00 0.

%.0020€-04 -9,03102~-01

4¢9950E-01 =%.9999E-04

3.9400E-02

4+9950E~01 ~5.0000E-01

L.0010E~01

*9.9900E~02 =9.83939E-02

=1,0000€+00 1.0036E-03

1.0015E-013

=9.9900E-02 =9,8999E-02

=5.0001€~01 S5.0469E-0h

~4,0010E~04 9.9501E-02

~5.0000E-02 5.0274E-04

Q
1.0C08E%02

X3

~1.0000E40Y -1,0000E¢03

=9.9801E-02

9.9L76E~04

=9.9801€-02

5.0094E-04

1.6015€-03

2.0202€-03

1.9995€-03

1.6015€-03

9.9433E-04

$1.0030€E-01 ~€E.0027E~00

0.9738E-04 9.9031E-04
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(CASE 8-3) FREQUENCY DEPENDZNT OP-AMP AND CONSTANT INPUT AND OUTPUT IMPEDENCES

POLE LOCATION = =5.000000€-03+J9.999875€~01
CUT-0FF FREQUENCY= 1.00J0000E+21
FIRST INTEGRTOR SECOND INTEGRTOR SUMMER
INPUT IMPZDENCE = 1.050900E+03 1.000000E+C3 1.000000E+03
OUTPUT IMPEDENCE= 1.000005€-03 1.000000E~03 1.000000E~03

SPREAD OF RESISTOR VALUES= 2.3682E402

R1 R2 R3 R& RS R& Ct
1.0000e+30 1.0000E+00 1.0000E+00 2.36082E¢02 1.0000E+00 1.0042€+00 1.0090E+00

c2
1.0000E¢00
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