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o ABSTRACT

This report.is an atxe;pt to apply the«Signal Flow Graph technique to

.

P . . . b, . .
the synthesis bf -active networks using.finite gain operational ampli~-

fiers. ) / ) ' ‘ .

A few Sighal'Flow.Graphs for‘someobasic and simple finite gain operational

K N

ampllfler networks have been deduced and used as basic blocks to synthe-

size second order transfer functions wlth real or ccmplex poles and zeros.

The Qp and mp sensitivities with respect to the different é;ements of

v

- one of the realizetioﬁ have been computed and it has been shown that they,

0
0

are low.

A method for the computation of the transfer function}sensitivity with
. respect to the gain of the amplifier directly from the Signal Flow Graph

aﬁd applicable only to some of the basic networks considered has been’
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~ This report is an attemét to apply the Signal Flow Graph technique to \

’x_anplxtiers.

- . o, F
’

1-1 deneral:- . e . o . T
1

7

The Signal Flow Graph technidue, first introduced by Mason in 1953 has

1

been mainly used as an ;nalysig\tool. It proyldes a method of solvxng

linear algebraic equﬁilons and also is a convenlent method of represent-

ation and simulation of control systems. However this technique has not | N

~

found much use in the synthesis of networks. \

Since a few years, synthesis using active elementg has gaiﬂed consider-

\J
able importance. The continual development of the semi-conductor tech-

nology has permitted the productioﬁ\of cheap, reliable and sméll active \'

“

components making the area of active network synthesis one of the most \

promising branches of circuit theory. . N \

tbé synthesis of active networks using‘fini%e gain operation%l amplifiers.
The report is by no means a Eomglete solution of the problem. The author

tries only to present a few solutions to some aspects of the prleem and
. - 5 ° ‘ -
Qgs suggested some ways in which investigation§ could prove to be fruit-.

ful. ‘ : ‘

>

1-2 chpe,of the Report:-

'

a ’( M .
The text is divided into seven chapters. Chapter two provides a short

survey of Signdl Flow Graphs and Flow Graphs including sensitivity
.anaIYsis usiné Signal Flow Graphs. " .

t

» : - .
Chapter three is a short survey of the operational amplifier, including

ghort discussions on the idealized device, the practic;f”oné( stability. g ?‘i'

o

considerations, and some ccmpensation techniques. N - '\ N

.

,Chapter four deals with. the swmary of the realization of, transfer‘ s 1 'ﬁ;fgﬂlf'

R

tunctions by Signal Flow Grqph technique, using iﬁfinite gain Qpexatidngl



~ - LY
. . \ . T . R

‘ . . ) < oo
.. Chapters five and six contain the autho#?s contribution to the synthesis

- f

of transfer functions by Signal Flow Graph technique, usiqg finite gain

operational amplifiers. Chapter five contains a few Signal Flow Graphs - . -

' ®

| for some basic and simple fini¢e gain operatioﬁal amplifier networks and
. ' thése Signal Flow Graphs are used in chapter six as basic blocks for the

synthesis of transfer functions with real or complex poles and zeros.

-

Chapter six contains also a technique which is not general but can be

used in several cases to compute the sensitivity of the transfer function

i

- with respect to the gain of theﬂamplifigr. ‘

dhapter seven discusses some of the further pogsibilities for investi-

gations".

-
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2-1 Introduction:- i T
A Signal-Flow Ggaph (1], as the name implies, is'an 6rien£ed‘graph des~
| > ’

cri%ing the flow of signals from one joiht to another of a system and

- h b
a .

v
’
B

providing cause and effect relationships.: it7 applications are mainly .

in thle analysis of numerous kinds of 'linear systems and networks with

3 3

continuous or discrete signals.
4 A

~

°

In the literature, there’ exists a modification of the Signal Flow Graph

. ¥

. ' SEG, called the Flow Graph. (FG) . The Flow Graph is essentially an al-

ternative to pological representation of a set of 'linear a}gebraic equa-

*

tions. It does not depict any flow of signal. It may be simpler than

the SFG for some coﬁplex systems. ., Even though the ﬁormation and inter-

pretation of these tw6~graphs are basicall} different, the two graphs

are closely‘related,and can be converted to each other easily.

N Pl

2-2 Construction of a Signal Flow Graph:- ' .

v

.

\ - o
Before proceeding to give the rules for the construction of a S.F.G., it

is. essential to define the terms: hodes, branches, and transmittances.

. ’ .

-
PR

- Nodeg:~- : " - ' - ;
They are used to represent the signals or variables of
- ki -

a given system. Every node is associated with a node
b .

variable, which rezfesenté the strenéthlbf the signal. .

.

Branches :~ _
A branch connecting two nodes is used to indicate the
' . L XY .

. \‘ o gl .
function dependence of one signal (variable) 'upon the other.

Thus it forms -the cause and effett relationship between

1
.

‘

3

'tﬁe signals. The direot&on of flow of the signal ig
. € -~ '

B

indicated by an arrow on the branch. This éixadticn‘is-ﬂ-¢iﬂf'

always from tﬁe cause to the effect. =~ -

A

pEa S
53 ;:i{'{ 5,




Transmittances:~

. The transmittance of the branch represents the .
algebra:.c relatlon between the two variables.

. - Consider the .graph shown in figure 2-l-a which o

g 1

. represents the two nodes X, and x 'Ljomed by

’

the branch, wig:h the transmittance t12, oriented

, . &

from Xy to Xye ' .

X and x, are the system variables. Hence the

equation. representing this graph is-

X, = ty, X . ’ . (2~-1)

From equation (2-1) it can be seen that .

L L .
%, =\(=) x (2-2)
1\1;12 X2 ‘ ’

This equation is to be represented by the graph shown in ‘figure 2-1-b.

It is clear .that the two graphs are different. S In figure 2-l1-a the

N ~

" signal flows from x, to x, while in figure 2-1-b the signal flows from—
+
a - . *
x2 to xl. 3 ) ‘< ;

It is obvious that in the constructlon of a'S P G the above should be

-?
f .
-

kept:.nmind ces o . . .o

As an example coneider the set of ei;uations,:— ) : ' oo

i o ' x = 25x +t45 4 e "4‘_' - ' H

Bquatioﬁs (2-3)are represented hy the s. F,G. shown in figure 2~2.~

B
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v o .
L4 s &/

v

1) Nodes representing variables are arranged in any desired order,

following a set of causes and effects through the system.

~ .

>
2) .Branches originati;;\f:oa-node %, and terminating in node xj repre-

k
sent the dependence of the variable xj upon X, but not the opposite.

";

3) signals travgl along branches onldy in the direction stipulated by

' the arrows. :

N
’

4) A signal'xk'travelling along a branch between nodes x, and Xy is

multiplied by the transmittance tkj of the branch so that a signal
tkj xk appears at node xj. . -

The S.F.G. is completed if necessary by adding either the input node

i'01:' the output node or both . .

.

i) The inpup node; also known as the source, is, that node which

has only outgoing branches. . .

n

ii) The output node, also known as the sink, is that node which

has only incoming branches. .

Any non input node x, can be made an output node simply by intfoducing -

3

a branch with unity gain from xj to another node marked also xs. Thié
represents a superfluous eguation xS = xj and thus does not affect'the

‘ 1 ’ ]
system in any way. '

’ . . s

In figure 2-3-a, it is shown how thé'node x3 is converted “into an’ -out-
put node. - _ ' : - ' o v

A similar procedure is used to mfke an input node from any ngn»output.

I y - . ’
node. In figure 2-3-b it ‘is shown how the node xj . is'converted into

an input node. ' .. , : ' A : "'*

2-3_Some basic Signal Flow Graph algebra:=~ N
,.Thé follo&ing definitions are.used in écFon algebra . }‘f‘n‘j:“i A

.\:’,'J
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_traversed in the indicated direction.

23) f‘orwﬁard Path:~ A Path from the input node to the output n‘odé .
B . L .

.along whiclL no node is encountered more than once.

!/h" . .

3) Loop:- A path whlch or:.glnates and ends on the same node
ot ‘ /

v —

along which' no node is encountered’more than once.
~

4) Path Gain:- °~ The product of the transmittances of the branches

encountered in traversing the path, : , |
’l LR PR T
I,

5) Loop Gain:- The product of the tranémittances of the branches 5~
\
encountered in traversi;ig the loop.

The following are’ used in the reduction of SFGs

. ®

1) The summing node:~ . Lt

The value of the variable represented by a node is equal to the sum of

the signals entering the node. From figure 2-4-a, it is seen that

1

n
X, =1L . . -
3 e M

2) .The transmitting node:- -

The value of the variable represented by any node is transmitted on all

)

branches starting from the node. From figuie 2-4-b, it is seen that .

= tkl X o Xy BB Kpe ceecer X 0= %n *x :

3) Series connection of branches:- .

v

* From 'figure 2-4~c,, itMs seen that the bxjanches with gains tlz‘t23"x deey
t(n-}l.)n ‘can be replaced by a single branch with gain equai to . ' .
« ‘ ﬁz ‘t23 ove e t(n‘-l)n = Tln . . r. o .". ::r

) ‘ | x“‘a Q12 T3 e t(n-l)nxl “"Tm*®. - f IR

4" lggrallel connection of branches:- Con T ‘ '1-’:, N *‘,

i

s

?xom figura 2-4-d.r 1t id seen that the branchcs with ga:lns 1 tzpty. .‘.‘

L ,1



3

. . e
- . - ’

Figure 2-li-a, The summing node. Figire 2-l-b,; ‘The transmitting

. . . i node, )
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Lo " 2=5  Somk remarks 'conéetni}_'g: the 'Sj,-gi'x_al' F

o o ' -10- | E '
tn can be replaced by a singlé branch with gain equal to = - ,
= “e t i ' s . v
. COT, = Bttt Loott that dis S L
) xn = (t1+t2+t3+ . o""tn)xc . ’ ’ .
' ' ’ . [ . :
5) The Self loop:~ . o
. Referring to fiqure 2-4~e we see that the transmittance between X, and .
x, will be ’ B - c
t ‘ ; )
12
x, + X '
_ 2 1 t\:22 1
2-4 Mason's Gain Formula for the S.F.G.:- . .
‘ R . » -."
To determine the transmittance between the input node and the output
node it is not essential to adopt the different steps of the reduction .
broceauré. Instead we can uée Mason's gain formula given by:~- *
M A~ :
M=rp-KE ﬂ (2-4)
. A :
) ‘ ‘ .-
where:- A L
M, = Gain froduct of| the. kth forward path. | b o
0 “‘ ‘ t R - . ‘n " B
A =1 - [Sum of al ‘?/i:he individual loop gains] - ' o
+ [Sum of thelgain- products of all possible "“; A L
compinations of two non touching loops] , T
- » . N . ¥
- [Sum of the gain products of all possible o
combinations of 3 non touching- lodps] Y IS ¥
[ . et . . . - - R . ) . . .’, :
LT N © o - e
g{ 4, = The value of A for that pait of the graph not’
ot o A - 7 o
- forwaxd.path. =~ . I

N ) } f'l‘ﬁe SFG of a gysé‘m’.j

e, ' o ey

ip ’xid_i;'
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. .
. . " 1

N o [

. S F G 8 for the same network depending on how the network equations
T ‘ ! e -
" =  arxe wri'tten.

& :All these different S F G -are equally valid. L,
! (8.2 L7 ww
2) Loop and node equations, in general, are not sultable for S F, G '

‘ . ,studies because they doc.ot always followvthe cause to effect .

o 3

o - sequence. State equations are much more suitable for this purpose.
. LY . : i °
~ LI ¢
- ' * 'The "state transition signal flow graphs" may. also be utiliZed in

L B f

a very direct wéy for an analog simulation’ or for analytical sol--

re ”

‘ utien of the network.
3) A S F G may usually be drawn directly from a set of network equations

which relates branch currents and voltages.

2-6, Sensitivity ana;ys:‘i.s using Signal Flow Graphs:- °
» : . o - ;

. In this section, we shall show how S F G s canibg used for 'r'sensitivity

© -

computation also [2].

Before ' proceeding with the camputation, we shall give the definition

and some‘expressions for the computations of sens’itivitiy functions%

5

T(s) o

The sensitivity § of a functlon T(s,k) due to the variation of the

% parameterk:.s {e:‘ned as - S - S
, T(s) A A In(T(s)) _ &T(s,k)/T(5,Kk)
. ‘ k d ln(k) ' “dk/k

(5 -

‘. Directly from Jt:he deflnition of ST(?’)

(2-5) -

N -

+ the fol’;ow,ing identities can be

cL k.
vie ‘ueasily estacblished. ) o e o ’ Ny
X - i : o . ' -.
* T(s) - _ ,T(8) . T(s) _ T(s)  ky A L
‘ Sl/k ==5 . B Sk S~ S, . (2-6)
. .« L 1 2 "
- Also if > “ . e -
. N_(s) + kn_(s) R
o Q T(8,k) = "‘l"'——-"“—z"—“' am Vo
. . D,(s) + kD (8) D{s,k) s

: a ‘ X . . T

" . N ' R

it is easily shown than:x-- L

. <,

-.ﬁ‘.

. X S N (s) ‘.D, ts) "
TN T(y) 2 w
'. o S > " " o mmq »p(a,m "3

,.65
R
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-

)l ' ~

If we are interested in ST

’

k '/.then s . . . | . .
» . (TG Dl(Jm) A Nl(jw) B -
k D{jw,k) N(jw,k) “ : ; )
from which the gain sensitivity sz(m) and the phase sensitivity SE(-N) can
be expressed as . .
‘ ~ alw) D (Jw) N (w) Lo "
() U1 1 |
- Sx Re [ D{jw,k) N{jw.k) . - (2-10-a) )
and .o S :
Coa
‘ ! D> (Jw) N, (jw) , .
‘ B(w) 1 1 e o
o S T I5Eew T FOeR ) (2-10-b)

We are going now to consider some useful concept associated with the

2-6-1 The signal flow graph representation:—
~ Let T(s,k) be tht network transfér function considered where k is the
hetwork parameter of interest. %
. : - . ‘ ; .
Then equation (2-7) can be rewritten as:- ° o -
a o T (s) + k Als)B(s) '’ o - |
= . c » - l
T(s,k) 1= % C(5) ‘ . (2‘ 11) . o
, <N (s) ’ Coe : o
. - Where To(s) = 7(s,0) = 3;‘(8—)' ' ' . . 4‘1
. C(s) = D,(s) s
€& =5 @ o
. ” N, (s)Dy (8) = Wy (S)D, () . |

and A(s) B(s) =

P

. Dy (s) L0
oo \ The S F G of T(s) is represented. in figure 2-5. .

'
.o

v i

k

2-6-2 ' The Return Difference F {s)i- -
‘ ~1‘hj.s%s defined as:=' . > ) R N
A e (e 8 - [Fkela) ) s L xe(s)

[0 B . . >




i

. Pigure 2-5, SFG of a single Ibop feedback asystem,
42]
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Ny

F.(s) =1+ k .I.).Zis) - Dy(8) + kD, (2) = R(sek)
k Dﬂs) Dl(s) Dl(s)

14

Fk(s)

Hence B’D(s'.k) M

) Dl(s) o
The physical interpretatich of Fk(s) can be given as follows;
i) L;at x =0
s .
ii). Split the node (b) into (b) and (b”)

Aii)” ZInject a unity signal at'b
' A

~

-

.

Then F\(\s‘) = 1 - (The returned signal) and this is shown in figure 2-6.

2-6-3 The Null Return Difference F?(s) t- ’
' ‘—_n '

ey

o

This is defined as the Return Difference obtained under the condition

of zero output Lx, = 0). o ) . -
If we inject a unity signal at (b”) we get ‘at {b) a signal kC(s) + xslg(s)
now{snlce x = To(s) x, ¥ kB(s)
and x_ =40 we have x. = - KBis)
L s To(s)

L

and the signal at b will be;_-

k C(s) - _____l____kA;s(i;)(s)
o

. Therefore, - '

o - __ . ‘kA(siB('szv
Fk(s)- 1 k(g(s)+ TO(s)"

.

which may also be writtén-“as:-

. N, (s)
0 2 = N(s;k)
‘ kas_) 1+k N, (8) leg.) )

.

P Z-E-KJ' Relation between sensitivity and return difference and.nul .- f K

v . . -

. o
‘., -return difference:~

. From (2-11) we can'get:-

A

.

5 A‘ 3
7 " SIS A
3 oy

Ry o
Ry g A
T o




and hence X R . ’ ) : -
o gMe) L _k - aMsk) |k As)B(s) o,
. - k oo T(s.k) . dk T(s,k) (1-kC(S)]2 , *
or - . | ‘ #,
T (s) - : - T
T(s) 1 o , - ‘
- % TR T ] - (2-18)
but kA(s)B(s) = F, (s) [T(s,k} - T_(5)] .7 : S N
which means - ' ' , R ‘
0 r'd \ *
. F (s) fT(ssk) = T (s)] -
~ (o) k o} '
F (s8), = F, (8) + i .
. e k k™ T, T (8) ' o
* o ‘n DN ’ . N ,\\:’) .
from which we get ‘ a ) ‘ s v \
s %) =t - ‘ . e L
N k ' F, (s) B ' ;
o \ k . ) ] - |
2-7 Coates Flow Graphs [Flow Graphs] [1]:-

|
- 1
For the sake of completeness (even though not used 4n this report any-

where else), Flow graphs are briefly discussed.

.
This was dc::flned by Coates and is also a.collection of branéheg e:‘nd nodes; \§
‘but the interconnectj\gﬁs' l;etwegé;x the nodes do not follow »the"p;xnciple |
. of cause and effegt. ‘It is definéd with its top;t:logical structure; which
depends only oh :the set of wlgebraic equa;ioné, tht.xs ;a‘roiding the diffi- . . -
culty inherent &S FG wh;::h’consists in relating c'auses and‘e'ffeéts.

Unless othervise stated, all the definitions of,the S F G s are also o

- applicable &o flow giaphs.' o o S
- » v . ~r"~

2-7-1__ Construction of Flow Graphs-- o ‘ ISR :

s

Consider the set of equations R . \ :
m
I a, x}=0
gy 43 F
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", It is obvious that the flow graph represen

S

D

o

o

i

o,

'

s }

The Flow Graph is constructed %sing the following rules:-

N

i) 'Draw nodes Xys XyreeauX in.a convenient mannér.

-iil) Assign the variable 'xp to ‘the ith equation.

iii) Draw the branches with transmittances a,., from nodes xj(j=1,2.3.

ij

B

eessnt) to the noderP.

iv) Continue the process for all such equations.

The‘ flow graph is obtained by superposing the flow graphs of the equations

-
“

of-the type

~ »
T “3

‘ . a'ij xj’=0 for i = 1,2,.cve4n

~

"As an example consider the set of homogeneous equations:-

’ ' 9
813%] * ;%) * ay3x3 = O '

+ =
B1¥y t g%yt A%y = 0 y

' T ¥ P agXy *oaggx, = 0,

°*

We arbitrarﬂy assign xl to the first equation x2 to the second and x

to the third. We write the equations and the associated vari

c -

the following way for identification purposes.

= 0 .
X
. :éz . 3%3 = 0 ' ‘
, %
Xy | B33 33X, Y Ay3%5 =0

) 3 . .
- and the flow gr’:‘aph is obtained as shown in figure 2-7.
' J

1
{

\ t

unique since a different choick of réfgrence variables leads to a comp=

letely different flow graph,

2-7»2 The Gain F'orimlla for Flow Graphs:- . .

{2-18)

3

ajbles in-

.

tation of a given set-is not

e et

The gain or (tx;nsrhii:tance between an input node and an outputa‘ngde“igf
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¢ o [} . N ' M
where:- ) S -

M, = Gain of the kth forward path. : .

w

~

a £(-1)° produ‘ét of the laop ‘gains found in the mth coimecfion .
m .

c

A B

graph. ”
j = number of loops in the mth connection graph. ;

> m = number of all possible connection graphs in the flow graph.

If the flow graph does not have any loop

Ar=1 ‘
. C ‘ - b}
Ack= Value of A for that part of the graph which is not in touch ° :

with the kth forward path. If the kth forward path does not

- »

have any non touching part Ack = 1. . )

2-8 Conversion of a Signal Flow Graph into a Flow Graph and vice versa:-

Consider the set of equations ‘ - w
red ~

n. .
‘ T a; x.,=0 (d1~1 2, ....n '
j=1 i3 73 ) "o

T -

which are pioper for flow graph formulation. Suppose we ‘add a non in-

-

put variable x, ‘to both sides of the equations we get:-

n
+ I a,
i

je1 13

.

- . xi xi xj (i=\},2',.-.-n) s

.

These are now in proper form for drawing signal flow graphs, if we

o !

consider x i as the effect. Adding xy to both sides creates a self loop

with unity gain at the node x; on flow graph. That means that a flow

—'graph cdn be converted inté a S‘ F G simply by adding a self loop of unity

gain at every nion input node of the flow graph. . f there is; already a ‘ B 4

sdlf loop at any ‘node of the £low g:?aph, ‘then- the gain of the se&' loop
X

P vill, be increased by unity. . s T o
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CHAPTER III
. The Operational Amplifier

(A Short Survey)
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3-1 Introduction:-

< . .
The operational amplifier [2] is a voltage-c’ontrolled voltage-source.

_ Historically, it foand use as a basm element in analog comput:ers meant

“¢) Zero (or very ilow) output impedance »

As a result of these properties, it follows that:-

“ -

At
to solve differential equations. -However, as time elapsed, it found

several other ugseg in different areas such as, network design, cbmmuni-

cation systems, controls, etc. It is an extremely versatile commercially

.

manufactured actJ:.ve device.
e ~~
3«2 The idealized device:~- -

Theoretically it is a very high gain V.V.T. with two inputs and one

output. It has the following properties:
/

a) Very high voltage gain .

b) Infinite (or very high) input impedance o

u

d) Output voltége has the same polarilty as one of the inputg and oppo-

{
site polarity with respect to the other input.

B

4 i
i) The input exitation is not affected b}‘( the power drawn by the %ampli-,
Y [ :

[
- “ .
( f .

fier. ‘ . .
&" ' S .
ii) The amplifier gain is unaffected by lddd variations.
e) The ideal amplifier is req&ired to have "zero offset”*i.e. the out-’
put voltage must be zeroc when the inpu voltage is zero. The offset
- of an amplifier is {\Atg/f_;equency erdor and should be minimized -,

for numexcus reasons, the’ impcrtant ones bei'"ng the following {3} :~ -

1) The use of an opera.tional amplifier is J.imited to. signal

levels much qreater: "than t.he offset \voltaqe.

P ' L ‘
.CUmparatox applioations req“ire that) the- output voltaga bqa,szq

y o
1
'

i
f
. .




o~ ’

" o ,

3) In a direct'coupled cascade structure using operational ampli-

fiers, the offset limits the total maximum gain.
dq
£f) Finally the ideal operatiopag. amplifier must be stable. Since we

are dealing with a very high gain device, stability is one of the
major problems which have to be sol\‘red and will be discussed later

in this chapter. - - . ]

The usual representation of the operational amplifier and its corres- B

-

ponding equivalent circuit are shown in figure 3-1.

- v L

Analysis shows that

V, = u(Va=vy) = - m';i . (3-1)
Zero offset means
Vo * 0 when (Vp-V;) + 0 (3-1a)
., 1Xt is to be noted that the output voltage has the same polarity as the ‘ .

. input voltage to the terminal marked (+), while its polarity is opposite

'

to the input voltage to the terminal marked (~). The input terminal

s

marked~(+) is called the "non inverting terminal". Often, for many
applications the operational amplifier is used "Single-ended"” with the

non~inverting terminal grounded. The usual representation and the

+ equivalent circuit are shown in figure 3~é. /

D o -y .

We have considered, until now, the’ideal operétglonal amplifier. However T

o ’ v © -

it is usually necessary, to associate it with some passive networké 10 s

control its gain and fix it to the desired value as well as to improve

its stability and its general perfdmances and this is discussed in the ‘

+ following section.

,qx‘;‘va\-\ ?‘v
I{L‘Q\

:?3 iy
AR e
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“ . 'Figurs 3-1, Circuit symbol and controlled-source representation &

. .o ' . of the ideal differential input operationsl amplifier, .
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3-3 The effect of negative feedback on the idealized device

(nverting and .non invert:ing modes) :~

9 N

For\ linear applications, operational amplifiers are usually used with

~
negative feedback. Two basic arrangements are shown in figure 3-3.

1) For arrangement (a) . ‘

s

N S
- ".' = ’
' i\u Ra a Rb
vo . vc>
and (vfl+u_-) Ga=-\(v°+-u—-) Gb

uGa

Now if we let

VO
o0V

Because of the negative sigh, this arrangement is called the "Iaverting
‘mode". . ’

It is to be noted that:-
. .

1+ =2(1+n)

R

_Thusvi+0asu+w.

Physicallj a finite V i will cause a large output vol\:aqevo,

< @ \

of opposite polarity,to V,, will tend to incfease ununvi

\
) P

Lyt

- ".infinitesimal.
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Figure 3-2, The single-ended operational amplifier, - e
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'2) For .arrangement (b) - - e

' . ticc amadloeg e - -
. Ra a ' % N b [ \ . . . LY .
. ) vo N ('\- -V_Q: ‘ - .
v -—) = - + - =5
‘ Ga(Vl " ) (Vo ,Vl u') Gb , (3m)
!k. ) A Rearranging, 2 . ’ ) - o
- t , ) . 3"‘ o .
: ' . Y_O_ ) w(G, + G) : g oo o - (3-53)
.' ' V; o (u+l) 6 + Gaﬂ . . T - < . -
, 1f we let.y + ) " o ' . ’ )
vV, G +G6 \ . -— .
R A \ SIS L .
i a .o
\ Betause VO and Vl are with the same, poiarity this arrangement is called
the "non-inverting mode". , .
"y . s ™ . N * ‘ » Y - R
i For both arrangements, when terminal 2 is grounded, terminal 1 behaves ®
. . as if it too were grounderé'andus said to be at "virtual ground"
2 = S i
‘3-4, Gharacteristics of a practical dperatiohal Amplifier:-
A ’ . - ® :
In practlce, the operational ampl:.fiqr is g non-xdeal dev:.ce. It is
character:.zed bér a frequency—dependent vol tage whose. maqnitude_ starts
' .o - , . . / E
L from a very high value at zero frequency (generally in the range of ,
- 80 to 120 .db) and then mof\otonically decreaseés for higher frequencies. L
‘Likewme, the’ phase, of the voltage gain is a monotonically %?creasmg w5 ‘
function starting from czero degrees. Demagnitﬂ?ie and phase responses
‘ f ' of a typical amplifier are shown in figure 3—4‘ o S
' oo B an convenient representatiomof the magnitude reSponse is the stra:.ghb- ‘
- o line approximation known as the Bode ploi‘ 'rhe Bode plot of the magni~ ’f
o ’ . 1 ,\,’;",';
. i tude fu.nction of a typical amplifier is shown in dotted lines in f,igure SRR ,}
\;' ta : L. ! N % ’ R

Q and itg gain may be expressed As

L %
) . ot

,‘4 )
(s+ml) (sm )(sﬂx_;)

o~ v(s)
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_actual performance.

D
For the frequency range of interest (for this case it is the frequency

interval from zero to unity gain crossow.ler frei;ﬁency) , we observe from
figure 3-4 that the approximated magnitude of the voltage gain rolls off
at the first break frequency oy with a slope of 6dB/octave, then at the

- second break frequency Wy the slope increases to 12dB/octave and after

v

the third break frequency the magnitude rolls at ladB/octayve‘ A 90°
phase occurs between Wy and Wy, a .180° phase shift is somewhere between

w, and War and so on. The Bode plot gives a rough estimate of phase

respornse.

¢

Most of the pract':ical amplifiers have a fairly large bandwidth. Typi-

cally the unity gain crossover frequency for an uncompensated integrated

‘operational amplifier is 10MHZ or more. .

l\

The input impedance.and output impedance are finite and non zero. Typi-:
' (4

cal values are 100KQ and 100Q respectively.¢ The controlled-source rep-

resentation of a non-ideal Operational amplifier'is shown in figure 3-5.

N

The feedback impedance RI-‘ in most cases is very large and can be neg-

lected. In addition to the above characteristic¢s, a practical operational

. -

amplifier has maximum limits on the input and output signals beyond which

the input-output relationships become non-linear. One particular limit

3

is the "common mode voltage limit” which is the maximum peak input vol-

-

tage that can be applied without drivihg the transistors im':o satura-

' /
“Rion.
b .
Even though the figures cited above may appear a little discouraging
. #t first glancé, the practical operatio?al amplifiers in general, yield
o ) : .
‘satisfactory results fof: most purposes, because they a'xj'e u,sual]_.y \}segi

) (fo:: linear applications) with negative f.ea?ack which improves::tl{e ’

.
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: Figure 3-5, The controlled source model of & none

3 ' - operational amplifier, -
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© 6f the operational amplifier with Vf set

‘=28~

3-5 Two basic negative feedback arrangements uging a practical
f =3

N ~

operational amplifier:-

/;ﬂe shall consider the two basic configurations used in figure 3-3 with

o «
“ the ideal operational amplifier substituted by a non-ideal one.

M

1) cConfiguration 'shown in figure 3-3-a: ‘ . ‘
. Replacing the amp'fifier by its non ideal model, we get figure 3-6,

is comparable to R it has to be.

assuming RE‘ to be infinite. If RF

connected as shown with dotted lines. ‘ a ‘

Analysis gives - .

<
@

e

o] a 1 ’ L
L. ..a o - | (3-8)
vl Gb 1‘+ (Ga+Gb+Gi) (Gobe) :
‘ : ’ Gb("Go"Gb). ,
G + G . .
o b
vV, = ~ v . . (3-9) L.
i uGc> Gb o . ' . a
. ‘zo = 1G. +G :;?';GE:;G;+ (1+4)G. G . (3-1'0)“ ,
b ool \Catey! T-UATHIGLE, . ‘
1 1 1 1l . Lo
where &~=G_, =G, T =G,, =—™—=G6
' Ra a Rb Gb Ri . i R°~ . o . . / ) )
If we define ) _ . ‘ _
uG -G o ’ s
0 0+ b . N
A= G, + 6, - (3-11a) -
. 1 - sy 3, (o) - . R . n‘
t - s ' : . (3-11b) S
' _ ' G, ¥ 6, * 6 . o ]
v . ’ » - v:l‘;'
1t is applied to the imput. .- .¢

We observe that A is the voltage sz when 1
al to zero, while ‘B..c’al(ibed"- ‘

.the feedback factor is the fraction of unity output voltage being fed
- : = } A

.. .

back to ;he:amp],ifief if:'put.

."fh\lSv
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W,
F sl
ol
P

. . Vi by Vo . . ‘ (3-13) .

1 R, ' - ' .
fo. z = - i& ' .. (3-14)

. © G, + G, 1+.a8 ‘
1+ A8

The quantity AB ‘is referred to as the "loop gain".<For an ideal opera-

:

tional amplifier:- e

: A=y > g = G +a . (3-15)
b
Hence, as derived in a previous section ' .

-
v

Ve, \_%a - e o
- = - V., =0 2 =20 (3-16)
vy Gb i. o . .

We notice that the arrangemeht which has been degcribgd ig in’ fact an

i;verting type V.V.T. realization: '

o~

2) Configuration used in figure 3-3-b.
Using the approximations (see figure 3-7), . C

2 N

, Rb'very §ma11, ’ ’
Ri(Ra+Rb)‘>'Ra R : - B

) | 8 = Ri% e Ra";; : L
. | Ri(ai+nb) + Ragb .ga + Rb° R L

analysis yields ) . z t

OTIN

vt
.
ey

.

. D
Il e

197




1391'9 3-7. A non-inverting-tw VVT realization using a non-ideul
* . operational amplii’ier -and 1its. controlled-source
.representation..
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" For an idga.i amplifier:~-

, ¥
Vo FatRy

R

z 0

The described tircuit is in fact a non inverting V.V.T.

3-6 The Nullator-Norator representation of the Operational Amplifier:-
: . ) - \
‘Consider the network shown in figure 3-8. Because of the nullator at

the input, we have 'V;l =1 = 0. On the other hand, at the output, we '

have Vz. and ~12 arbitrarily, due to the presence of the norator at the"

g

output. Thus,

\

We shall show that the transmission matrix of the ideal operational

#

< (3=-20)

amplifier is also a null matrix. °

The transmission matrix of the nop-idéql operational Lifier with the

[

non-inverting terminal grounded can be shown to be

‘R°+RF R RF
R,-WRg —uRF

(R.+RF) (R +R¥‘ 1 R (R +PI‘)

R R, (R ”Rr’ "R, (R o~MRg)

In the limiting case of an ideal operat:.onal amplifier:

Ri'-beo Ry + @ R+'0 p-:)no . Z

. -and c?\sequently the transmission matrix F becomes a null matrix and the SRR

. &.
,

.

two port represented in the figure represents an ope::atignal amplifier.

/x‘;

3-7 Stabxlity ccmsiderations in the Operaﬁi\ona_;

'.;\‘
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) . . .
&

' ' its stabilit ere, this means that the operational amplifier circuit
|

s . ~ shall not burst into oscillations. This problem arises due to the fre-

‘quency dependence of the open loop gain y of the operational amplifier -

* (as discussed earlier, see figure 3-3-b). For SUCi‘l circuits, we can
apply the Bodg criterion. ‘ ) I
The Bode Criterion:- " ' ' ’ - ‘ 4
A single loop 'negative fee@back operational amplifier can be represented

¢

by the S.F.G. of f{gure,3-9. The closed loop gain is given by

- ' ‘ - v

\

. Vo AoL .
, " v, T1+8a - (3722)
. ) : . P
where!AoL is the open loop gain of the amplifier, B is the feedback
‘ Yactor. ® Now if the loop gain . : , ' .
' , BAOL >> 1 . (3-232) ‘
which is usually true; we have: . ”
o} .
1 . . .
o Acl,"'c -8 ‘ (3-23b)
However, practically speaking, AoL' 8, are functions of the frequency ‘
.the above condition (3-23a) may not hold, thus if, at some frequency S

(Jo, the quantity ,(1+BA°L) becomes equal to zero, AcL will have a ju-axis d :

po],e‘at W=, and( the circuit oscillates at a frequency w,e
s ' “.

Hence if:

“ .

. P |BA |.., 1 ' . - s
" : Arg(eA D) = 180°, - A I ~«(3-zs) o
N - for some w = w,r the cixcuit will oscﬂlate and the loop gain, in dB- w;,11

- . be ,,zero. 1f one of the above cond:.tions is n‘ot satisfied. the circuit N

Ju L will not oscillate. Specifically. when the loop gain bacmés unity.,t'he RN
phase shall ‘not becclng 180° +. Since’ We have‘ observed pxe\ziouslg
: ; vis :

t‘-he Bcda plot rolls of! at a slope o’f 12 dB/‘ tave?b
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. i .
quencies w, and mb,-the phase shift of 180° otcurs somewhgere between

.
:

i

w,y and Wy« Hence we have:f . ‘ .
"The operational amplifier circuit will be strictly stable if at the
|

zero decibel crossover frequency w_of the loqp gain, the loop gain

has a slo%e of 6 dB/octave."

.

3-8 Compehsation:—

[

In an operational amplifier, the phase of the feedback mﬁst be controlled

to ensure that the above desired gain frequency response ﬁs obtained to

©

- . |

ensure stability. The design problems (instability and uhconérol ed
frequency response) can be solved by 5se of compensatlon technlques.

1f the rate ‘of the roll-off is 12 dB/octave or more, two methods can be

used to decrease it. One method, called the internal compensation tech~-

“

-

-nique, .is achleved by modlfylng the frequency response of the loop qain.

I

lThe other method, which is called the external compensation technfﬁue,

is achieved by modifying the feedback petwork 8. - \

v

To illustrate the effect of compensations, let us consider the simple

|
inverting amplifier represented in the figure 3-10. This network has

-
. i

been studied previously.

It has been already shown that

= B = .

We note that the loop gain“is given by A8.~ A is approximatel equal to

B the loop gain of the amplifier,'if G, is negligihiy aman

1 de.“ / SR 3;3‘

3

£

o 20 4
RS =
T
"%.‘Z’
=

v“l'{
5 —K‘ ' d{%'?%i

SR
et A
it s 2




G : ‘ o ,
e (%-= 62). For most practical purposes, the assumptions made are valid .’
b - P N ) .
and the closed-loop stability can be established from the Bode plots of
. G - . 3
. u and the closed loop gain Eé-; We have represented in the graph xgswn
' ’ b

in figure 3-11, the Bode plot of the frequency response of the open lodp
gain and also the Bode plot of a typical closed loop gain Yesponse (in

solid lines). The critical

where the open loop gain is

equal to the closed 1éop‘ gajn.. .The rate of roll-off of the two plots

. is. 12 dB/octave in this casé, and the result is that the amplifier is

Ny o
. N N

| - ‘ S
marginally stable. To make it strictly stable, we can either modify “
the closed loop gain i.e. 'the feedback factor (external compensation)

or compensate the open loop gain (internal compensation) . g
. ¢
. ' N ©
Internal compensation:=- ¢ ' ‘

’ » " 4

.

We are going to describe two posmbie methods for internal compensation.

a) The practical operational ampl:.fier is provided -with at least one .
g

© .terminal (such as x) where additional network eleménts can be connected *

. . o u LY N :

for internal compensation purposes. [FPigure 3-12]. If we connect a cap- 4

- L .

. aci.tor cl at poinj‘: {x) , the open loop éain becomes

. -
[ .

\ . . . \ " wcu (s) ' \ R ' v
S ' B compensated = ——— : , : (3-29) o
. 7z . c B . fae ‘ : v x ‘
, ‘ where w . ' . . . (3-30) ‘ -
o . c Plc co- . ‘ L . :

. B . c]_ is choosen “to make w, less than ml 'che first break frequency of the .

L N ‘open loop. gain. The cloged loop amplifier wj.ll be stable. ‘if the, gg’r}g b s

N . . dB loop gain %rossover fteqnency (m 02) lies between w " &nd mi ‘Tﬁis‘ 19 E '

after canpenaation .

'y

b)n The cloaed loop handwidth cam be ina:eased aammm'ng"

,(M

R

.3

P

3
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° o

minal x as shown in fiéuré 3~-13. The compensated loop gain can be

a

P . . .

expressed as

. R2 s+m2 ‘
= eemat——
# compensated AT R u(s) P
1 2 cl

1 . 1
W, = Y

—_— (3-32)

Iif wc 2 is choosen to be equal to Wy, the open-~loop fref;uency&esponée

will have a slope of 6 dB/octave between w and w The new zero dB

cl 2°

loop gain crossover frequency !no now can be made to lie between © ., and

2‘by choosing proper m'- (figqure 3-14). This will lead to stable oper-

.
B

ation, when feedback is applied.

3-8-2 External ;&npensation:—

A

In order to make the amplifier complei:ely stable it is also possible,

to connect a.small capacitor C_ in parallel witlh % [figure 3-15] .

b
The new loop gain is:- ‘ ' ’

¢ ‘

Yy S S/% S
\'4

1 : st + Gb s + wb) Gb

(3-33)

,where w,_ = 2 : (3-34) .

> RS

If Cb-i.s chosen to introduce a break in the closed-loop }requenéy response

at Wy which "is slightly snialler than w o the rate of closure:is reduced

: to b dB/octave leading to a stable closed-loop operat:.on. An approxi-
R.C
' mate value of . Gb is Cb e v-f’;-i‘g- where C is equal to the total stray

«

3
-

capacitances at the input of the operational amplifier.

.
-

Another cause for oscxllatlons is the presence of excessive capac:.t:.ve ;

1z

load at the outpuh. In this case, it is preferable to isplate the cap—

,aaitance by placing & small tes:.stox R R in the fee%baclt loop as indicated

- i.n f:igqre; 3,-16. 'rhe value' of Ry :,s usually in the o:der of’ the J.oop ontﬁ
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Figure 3~.15, Externally _compensated inverting type W'f. . ‘
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SRR 3-9 Sensitivity considerations:- - -

Anothen, problem encountered in operational amplifier network synthesis

-

(as well as in-any kind of network synthesis) is the sensitivity of the

network function due to the variation of network parameters. The char-

[
;

acteristics of passive and active components may vary because of a changé

in the external (environmental) and the internal conditions. Such vari-
| :

ations cause the pole and zeros to be displaced from their nominal posi-~
tions. The effects of these displacements may cause the designed net-

work not to exhibit the desired performance; in addition, the active 1

.

.networks may become unstable. The problem c;f c‘lesigning a complete in-
sensitive network has no.t ‘been solved yet. However for specific cases,
methods do exist tixat minimize the sensitilvisty"due to the variation of’
one or.more components. Hence it is highly desirable to design networks,

{ using opefational amplifiersp to have as low a sensitivity as possible

and good stability properties.

' . . .
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: 4-1 Introduction:- ° . ' ' o S
, . ™

, o The methods and configurations that can be used in active synthesis using

- -

operational amplifiers are too numerous to be mentioned here; however it .

is possible to subdivide them into the followingwcaéegdrieé:-

‘ ' 1) Met@ods'based upon polynomial decomposition [2]. §

.
;

/

w o 2) Methods based upon coefficient matching [2]. . \
| < .. 3) Methods based upon the association of passive networks (B-A associa-

1

tion) ([4,5]-.
. A
- = It should be noted that in the last category megtioned, the pole qusij

~ ©

tivity with respedt to the amplifier gain can be prescribed before syn-

thesis, while in the first apd second categories it.appears that‘éhis
" Y

s is not possible. These methods are not discussed in this report. How-
ever, in this section, we are going to describe a synthesis procedure

developed by F. Anday (6,7,8] for designing low sensitivity active RC

circuits using § F G representation. This method is based onsdrawing C s

o

: , - Lo
the S F G of the bi-quadratic transfer function and cobtaining the active

circuit from the grapﬁ. This may be considered- to fall in the category -

.

of coefficient matching. It is to be noted that, in .this method, the

active network contains,'apaxt from resistances and capacitances, only

.

. single ended infinite gain operational amplifiers. This method was T

’

later extended by Anday to realize second order t;ansfér functions using, ( s

¢ A

s , of transfer functions with'pregcribed sensitivity functions also using.

. .

|
- .~ .a minimum number of elements. In addition Anday developed the realization s
t . SFGs. '+ t ; L R



- ]

o

4-2 'an{:hesis of low sensitivity active circuits using S F G for i,

' . . T ]

Il B -

the bi-quadratic transfer function:- - \

.

Consider the single-ended infinite gain operational amplifier shown :
. in figure 4-1. According to the defining equations of the ‘opera}i.cnal

ampiifier, the node voltage equation corresponding to the J:.nput can P

. ) be written as:-

v1Y1 +{V2Y2 + see * viYi + oo+ vn\{n +)JOYF = 0 ., (4-1) .
Y Y Y, - Y .
1 2 i . . ’n
V. == - V= - e =V, === [ iee =V =V . (4-2)
lYF 2YF iYF ’n YF o

which can be represented by the S F G shown in figure 4-2.
The graph is then transformedbto the form shown in figure 4-3 by the

self loop rule.

.
'

If a given transfer function can be represented by a S F 6 in such a
way that each node except the input node has a self loop with loop

transmittance equal to the sum of [1+ any RC admittance function] and
each branch has a transmittance equal to any RC admittance function, -

£ . o

tﬁen the corresponding circuit realization can be easily found by the

-aid of figure 4-3. . . - . :
B . ¢ . . .
Let the general bi—guadratic transfer function be given by:- , -

o -
v

v 2 ' - - .
. + ‘ , . . '
T e =52 s oS tasth) (4-3)
. i’ k(s?+4cs + Q) ° .

& ‘ - T * ~
.. Anday (6] has shown that the corresponding flow graph is represented in R

£igure 4-4 and its réalizaticm is shown in figure’.4-5. ’

vBy choosxng the fomard paths in a suitable fom. Anday has shown that.

P

the method can also be applied to the synthesis of transfer funct:.ons

rv’, ¢
(r,w

.. in which some, of the coeff:.cient.s of the numexator polyncmial have nega-

4

t:ive valuas.
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N

and its realizatjon in figure 4-7. It is clear that we must have

N

c> |al. | ,

. e '
4-2-1 Sensitivity considerations:-.

: X v :
The denquinator of the transfer function -‘-,3 = v evaluted in terms of- N

\

the circuit elements becomes

G,G,G,_ .
246
C,C,C,4 . - .

Since no difference terms are involved, the- pertinent 9 and pole sensi~

P

1 3

tivities are very small.

We are now going to compute the sensitivity of the transfer function of

"the network shown in figure 4-5 with respect to its paséive elements.

Let ‘us first redraw the S F G of the network’ shown in figure 4-5 in the

. A

form shown in figure 4-4-a. Hence, applying Mason's Formula, we get ‘the

e

.

transfer function Tv in the form -

. *
(:lc3<;332 + C G, G5 + G GG,

T = ———— g

v 2
26 G¢

C,G,S° + C.G,G.S + G

cl 2°3 17375
‘Hence a‘pplyi'ng the formula

T L Ny(s)  Dls)_,
’ k N(s,kx) " Dis/k)

I

_where

.

) N, {(s) + k N, (8) ‘
T(s,k) = = L (sx)

) D sT-+ k Dﬂ*’) = D(s,k)

4 ? [ \

'

. . We get the following expressions for.the passive élenténts sensitivitigs;" i

. ; * . ‘et ’ ’ ’ )
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.- 4-3 Realization of Zfd Order transfer functions ‘using a minimum. R - TR
. ) - L - Tl . ‘ :’ )

number of elements:~ - T . s

(e ‘. - . . -
- . .

Anday. has- shiwn [fhas F G prgcedﬁré for the realization of 2nd‘ order e

f\ transfer f\\:?ﬁgs/lsing ‘a minimum number of passive elements and a =

.
.
.
\' -
¥ ..

) -single operaYional amplifier. Sk o ‘ - - ’ T
e ‘Consider the sub~graphs shown in figure 4-8. The determinants of these -
-, ' o o - ‘ ) S
. ‘ graphs are respectively: = ' AL -
“» . o {l.‘ . . - -l A sz ‘5 ‘ o ' ' g
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using the synthesis procedure&grev1ously shown two active RC subnetworks,

» . shown in figure 4-9 each contaihing a single operationalJamplifief and

- four passive e;ements are obtained from these graphs. It:caﬁ-be shown

’ o - . s

LY , . .
‘ are minimal in the sense of.using minimum number of .elements. .

\ . :
i . R that these active subnetworks can, realize the 2" order polyncial and
i v M < . . .

. ’ ~Now let the transfer function to be realized be given as:

' ’ o .« T(s) = —= P(s) . . (4-5) .
~ s+ b+ b S

- . "'The synthesis procedure which generates minimgi an order active net-

' r a$ f works ‘consist in the follow1ng steps:

e ' "

a) BfancheS‘must be 1nserted into the subgraphs (a) or (b) of figuze

L. . N

) . '4=4 so that equation (4-4~a) or (4—4—b) holds respectively:

s . ¢

S,

-

T , TkAk s P(S)s - . w . (4=6<a)
o B , D k(s+b ) (T+1) . . L
. 9, I _ - . 1"’k . g
-t ' ' ) “ ’ il . . < - . ? .' v
C S 'I‘kA‘k = - P‘(s) l\ ‘ . S - (4=6~b) ‘f. .
£ © L s . B . k(s s+b )(S‘P‘) :‘ ] I '| ' < .
- where L TkAk is the numerator of Mason's Gain Formula. . ;'2" _
) S ) P i —_— . s
. b) The transmlttances of the inserted branches must be sultah;y b
. . selected 80 that each texm of the numerator polynomial P(s) can b+
- ) v realized with a single pa551ve element, : " .. ‘

o .
. s
’ P . - ¢

c) Suxtable selection of.the tnénsmlttances and the method of obtaxning

'

S . . L} ‘ 4 z

. I .
© procedure. L v : .

.

5) are tabulated ih’Table é—iz

= . ‘The.realizations for different

.

-+ " .- S&ince four pagsive elements a¥e required for the denominator polYnomial

"and one for each term of the _numeratoxr pqunomxa; it,pan be shawu that

A - .o

L ,}ﬂ A R the miﬁimum number of\passive COVQOnents for the\tealizatiep,ofhthegénd

E ha e \z

iy : R

I networks corresponding, to the final.graph can be carrmed out to the above

’

oxdet transfer fuqetmon with a single operetional amPlifie: iB én&d) where

<

!
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k) = aj-apb;

kz =

3
o

ey = 1/ by (ay-a,b )-a=b, !

kz =
oo
1/a,

o
°

TABLE L1 (Continued)
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'n is, the number of terms of the nuferator polynomial P(§).. It should -

. / ' ~ )
be noted that this number can be reduced by one if the numerator and - :
denominator coefficients satisfyrthe conditions given in Table 4~1. ™. - e

. . 4—4 Réallzatlon of transfer functlons w1th a prescrlbed senslt1v1ty

funcgion:~
' \“‘—--—-«_

) . {
In this section we shall discuss a S F G approach due to Anday [8] for .
the simultaneous realization of a an oxder transfer function and thq'

-*»—~—:sensitivity~fﬁncticntof“thislt;ggéﬁggﬁgggggigg“yifgw{?SPeCt to the vari- -

ation of some passive network parameter.

i - A

Consider 4 S F G with node variable X, (i F,O,l,Z, ... n) and let

i
o X, 2
Ton = §—-be the transfer functlon between the output varlable.x and
o - - -

"the input°variab1e x0 and let

T t.. =la,.s +b,. , (4-7) .
.. ij f 155 ¥ Pyy :
1 . : .
3420 byy20 , .
.be- the form of the transmlttance branch (1,]). The .sensitivity function

- of the transfer. function Ton with.respect to the %ariétion of the trans-

- mittance can be defined, as NS . . . Lo "’
y STon _ 4 Toﬁ.. big Lo S (4-8) o
t,,” d¢t.. T o ’
3 ij on
arT o
on

can be. evaluated from a S F G as follows: ,l
N |
|

3
dton _ % Poifoi I Rynlyn . L ey =
‘ dt; At ‘ . : '

where A is the determinant of the S F G.’Pdli and Rjn‘ére the gains of . - -
e'forwéqd,paths from the.input: to the node i, and from the node j to. -

ec"

-

. th' utput ndde n respectively. ,Aoi and'Aj"are"the determinints»of

o

the s F»G that do not touch the forward paths °. to i ané'j to n :especg~

".l‘ .




’ VIR
: - . -61- “ | S
ively. By using equation (4-9) and Mason's gain formula in éqﬁation
‘ (4-8) we get ) ' . .
s : ' qun - z PoiAoi ) fjnAjg tij ( - . :
) by L Ponbon A )
Now consider the S F G model shown in figure 4-10 with 1
trax;smittances in- the fom: .
, tij"= aij' s + bij - (i=0,1,2,3 ...). (4=11)
. - S =1,2,3..0) :
S : BV T R '
. ) . . bi'j >0

A an order transfer function can be represented by a S F G of this ] ’

‘ ‘e

ty'pé and the active network which corresponds to this graph can bg_ easil)} .

N -

’ synthesized. Using Mason's gain formula and equation (4-11) one obt.ains' .
| . ) ) ' ' w*
. equations (4-12) and (4-13) respectively for the graph of figure 4-10: |
. , o o lo3%os [ for®12%e l . a2
03 A o A . . ‘ .

. st [ = -~ 8

, - Y1 G2 I

. PR * . ’ " s

P 0 %ttt LT e
, : =E ’A

BUNE SR ¢ Jo3 Toz _B1%%2% T %t T o

. (4-13-b)

. T | : o 5T03 = - sTo3 ,-%3(?1_15'2 - tlz,t;’l)‘ (4-13-05 :
Y TS S A ' o L T e

n - s

: " B S TR Tt T ‘ : ,
. , - St°3”' 12621 33 ‘ . - (a-13-a1 -

N Joz | EBiatista -
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L PRI . e
B . - \ 4

N N Toz  Fiatastaz Cee
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, ‘ . ) WN\ ) -. v, .
« ”% _5 a H . .

S -63- - , éf’ -

oo BT lEptatay Tt T Eptastsy T Eiptytsy) (4-19)

s) -~
s) -

)

|

s
Let 'r°3(r.s)

?
Py

(4-15)

0

T v .
nd s ° = R(s) : - . -
and 8y ts = 2(s) , .. 14-16)

" . be the forms of the transfer and sensitivity fuﬁctipns. Camparing equa-5

tion (4-15) with equaéion (4-1%) and equations (4-13) with equation

~

"(4-16) one can see that the sensitivity functions of equations {4-13)are
. . . v .
in the form described by equation (4-16). Thus by using the graph model
of figure 4-10, a transfer function and a.sensitivity function with the
o ;

transfer function poles only, can be sihuitaneously realized. The syn=-<"
- 3 F ’

thesis procedure consists in the following steps:

[ .

a) . Select one of . t;;: t,, . ti3 ‘ tiar 30 ty1r by, 00 as a vary-

P '
' [

ing parameter. . - ‘

b) ﬁsing equations (4-13), select and determine the values of the trans

-~ b

[}

mittanGges in the numerator polynomial of the sensitivity functian
. o s T S
. correspondirg to the preselected. varying transmittance in such a way
,*  that this polynomial is equal to R(s).

c) Find the values;of the unknown transmittances in gquatién“(4-14) so

4 -

“thidt the detgrminané of the S F G is equal to Q(s).

in such a way that- i .

4d) Determlng,tol ' .

: -P " 1(.‘ L :
v 819,85 = B8 O . p
-]

e) S&nthetize the S FP& i s.obtained’using the above meh;iohed procedure.
- il : ; el b

¢

An example is, K warked ou

S T(8) = ——— . B L (4e17-a)
, cs%43s3 T .
. , . - ‘:- P ' R o . g .‘,' "v - ‘
.- . - S: 8_:—g!s+4) I ’ .,‘ o :4“: ' (de17ei
Cor e ., 8543g¥4 R R

According to the synthesis procedure

- ,

[

izk'is{tékeg as the ‘varying trxanse

H

A




‘mittance. Then by using the nﬁmeratbr polynomials of eqdaqibns {4-13-b)

s

22 1

° . - g PO b B ' .

as follows: : e o T N s
. ' ' . e L~ ' . . . .

_ £, =844 t'Es tgy =1 . o - _,

. . ; .

In;the following .step the values of o g t31:.t§2 and t21

. and (4-17-b) the value of t_, is selécted and t,, and t , are determined

are
- ' ‘

‘determined by using equation {4-14) and the polynomial (sz+3s+3) (see .

. figure 4-11-b). - , ‘ . I3
: - )

Finally tol is taken equal to 5 to realize the numerator poiynamial of" ’
L) . - . .

. m(s) (see figure 4-1I-c). The network which realizes simultaneously :

&

. @, ’

~ - equations (4-17-a) and 4~17-b) is then‘obtaineg,by using the above pro-

: Q . :
f . - .

- cedure (see figure 4-11-d). . . - ‘ .
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S5-1 ‘Introduction:= | - . ] S g L

As méutioued earlié},, sigpa’l flow graphs[ha,ve bee ~main1y used as an
R NS ! - - v

ariailysis tool for feedback networks, sensitivity .gdlculations, and ana-
log simulation using state variable abproach, etc... As discussed in

- | o - . v " .~
the previLus chapter, S F G's are used also for the synthesis of’ acti?re‘ R

.
)

networks using infinite gain operational amplifiers.

B -
- B

‘Before attemptih’g toluse‘S“E G s in tlie synthesis:of ti:ansferfunctions

'usmg finite gain operational am*:tfler as actlve elements, we w;Lll de-

duee a few SF G s for some baslc and smple f1n1te galn operatlonal L

amplifier networks. Since for each'operationa'l 'amplifier netwotk there ’ -

»
\

- 4is a great 'number of possible S F G s it would {:e. a ‘tremendous work, w o
A ) Lt . fL 7 » -

', . 1

(if possil;]ﬁ) ’to~de',duce all‘the possible S F G s of a single netwé;:k,,»

conflguratlon, hence only a few’ of them will be gJ.ven hex:e. I
we consider heL:e flxute gain operatlonal ampllflers and we' vull assume .
) 7. ' \

‘ that theseyamplifiers are ideal with ~respect to all other chaﬁacteristics.‘-

,

(Infnute input 1mpedance, zZero output mpedance, etc.q..) . ‘ S

We will show later (in the next ;‘:hap&er) how these’ 51mple s I-‘ G s cun " ‘ M
be used -as bas:: b'IOCks’to synthetlze transfer fmcuunu. ,We will focus A
oux; mterest a:;d our, wcrk on second odder trgnsfer ;unctlons any, because " T
of sensxtlvu:y con51der.atlonsl. . ' ﬁ -l ‘. ‘ ‘ .
'5-20‘ Configurat:.;on 1‘(Ei£;e\§¢1) - : . : . l oo . ’ ..‘ - ;t:
ent 52 ‘fpr' couf:.g‘u;;tl;m 1 a;re tabulated in ; T
e)cases 1-b and i-c if K + o, the ‘self v '
P W
ey . S fla
}, ,5 3 Confxgurats.on 2 (Flggre 5-2) : - .t ) J : T ‘_. - ' o , " \
. Tl;\eJ diffe;.'ent S F G 5 consi:dered fof j:unfigurauon 2 are tabulat’&!\m ;
- m, . o 4] i ' -5

< Table 5-2. We note that gor each - of cases ‘2-a and 2-b if K + the Self e




loop transmittance beccmes unity.

| - ‘ 7 g ’
5-4 configuratiop 3 (Figuvre 5-3):- .
Analysis yields
2
v, "(:E)}? Y=l -V Y

Rearranging we \ get -

1

le S+ 2

+

4

’ . * N Fa . . - -
The above can be gener'alize? to n entries (Figure 5-4)«

] .
Analysis yie1d§

.
.

o® - ‘ .
(Vl 1+VY2+“‘ +VY) +--(Y +Y2+ ...+ Yn) +V7O¥F‘51+K? =0
Pl s . . ’\ . . s

o .

. ‘ . PR . Y . (5"3).
The \dlf’ferent s F G s considered for conflguratloxi ‘3 are tabulai?ed 1n ( \ -

'

Tazbieﬁ—B- We note that if K +. o S F G s, 3-a and 3-e reduce to the .
0 ) .
"S FGs used by Anday while the self loop transma.ttance of ea(;h of S F G 5

‘

i -b and 3-2! reduces to unity. "Also the self loop of configufatipn 3-d’
vanishés. . - .

v : " a ) . S Y
5-5 .‘Configuraticmﬁ (Figure 5-3) :+ Q‘S\Q‘
> . - . .' 3 9
Analysis yields




@ ) . v s i ,
J \ -68~ . . ‘
o ' T X )
‘ rrd v
. , ‘ v . 'L\\‘\" o N ) - . R -
Bt Y ' (5-9) e
1 _.L,‘_ Y 4+ __F_ - . ) - ° o [
K F K P .
- A , bl " 1 - i
.v M © -
. o l ‘ I3 -
T v . ) . . (5-10) .
\l ,.]L .'1‘._1_ /, % -
" K K y -  C 2 ’
N ) . F( & ' Lo~ R -
It is clear that the value of Y2 does not affect the transfer functlon,(>\ *
T n v . . ° &

henge ‘we-may set it to any valué and one p0551b111ty 15 Y = o and the

netwoxg of flgure 5 -5 becomes the dne shown in figure 5- 6.

x T g

 The different S FGs presentea for confi guratlon 4.are tabulated in

% .
We notlce that lf K 4 o Keaqh of the self logp tgansmittance

o 5
< 3, ~

of S F G 4-a and 4-b ‘reduces “to %nlty_whilé the value of the.transmitt- '

=

‘Table S-4.

° ance of the self loop of S F G 4~c reduces to two; also théffeedback

. ‘ @
. 0

.
.
’

)
e 4
. \s ,
vl

o3

A - v
.t

% .

Y

Ty s

The considered S F G s for configuratxbn 5 are tabulated in Table 5-5.

 We" netlc‘e that if- K,7+ w each of the S F G 5-b and 5-—c\reduées?to s. F G

5~a.

v r

AP

[S I

’ We notice also that the 3 S F G é-a,~

5-b; 5~c (represent the

S

)
. P

P 4

Y
~

iOdpS/Of S'P G-4-d vanish. . - L :
5-6 Céngiggratiba 5 (Fidure:5-7) i~ - Co T

b - o . .. .

Analysis’yields . . ) .

o . e L £ -

: g3gy2 - ﬁ ) 'S (Vf,—'VS? f,Y4(Vé - vo).=(0 v (5-11)
LV, ~V,) +Y,(v; =V =0 - ' SO P € )
:-l 3 2 . 2 l‘3 o o ’ . o ~ 27 s ' ‘

‘ [ l ‘ - s
V3 = - E VO . S e S, (5‘13)&
. | . . r ) &“ NN ~ "‘\ .\\\; a\“ {\\ ) > .
Solving aqe rearranging we det ST o ..
' . ’ - F ' .

v °. RN \ - Y
W = . T ¢ Ve i (5-14) -
‘le [Y 2(21323)+2 Y4+le3Y2Y4] [1+—-]+R- : -

€ ; o tg s L3
thch, HfK+o reduces t ; A (
» 'L:\" i e
e v . : Q ‘
- S ;uz :; RN ] ' A 515y
1 SR PR T A X T : L




P . transfér function .of copfiguratfion 5 within a constant factor egual to .o 1
. , L. . P < “

R ’ two. These S FG s can be made to represent exactly the transfer function .’ ‘]

o . 4 ]

- ’ |

’
.

s by addlng to each of the S FGsa forward branch of transmttance value

. L
’ 3
. ' i . f

. (—) in front of node V. \ . .- =S |
- 2" 7= ' . . o o - .
. 4 In this report, only operational amplifiers are considered, but it is.
. . . B . Pl R

T *" felt that th}ese methods can be extended to other wa}ctiVe elements also. -

L ‘ - . - However this is not attempted here. . : .
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.We show in. this chapter how the §FG9(, which have been deduc¢ed in
. £

"y 6~0 Intxbduction: - o . . '

vt . ’ . Chapter V gah be usgd to reglize‘transfér functlions. We will consider . )
‘; - /‘3 ‘ th:.;ee c'a"ses’:'— T ! ; , :
. ~ 3 . Casbe (s-a) :- S)fnthe‘éiis"..of transfer functions.having ’ . ,
’ ) ‘ negative real axis poles and zeros. '_ N ‘ o )
\»~ Case tv.s-'-b) ‘:- Syntht_;sis of transfer functions of lowpass T N v - . T

- . . .
filters with real or complex poles and zeros. ,

. Q\ﬁ Case (s+c):- S-ynthesi\s' of any second order transfer
- . . S
. N of - .
functions with real or complex poles and zeros. PRI

. £ . . ¢ ’
Case- (s-a) is consid}ed because the tre‘atmer;t (and- hence the realizations):
. #
in-case (s-b) and (s-¢) at times may depend on case (s-a).

< .

]

3

6~1 Case (s-a) synthesis of transfer ‘functions having poles and .

v 3 \ . N

T ~
‘ zerog on the negative real axis:- c o . ™
. case (b~a~1) :~ - W > \ ) ) t -
T - & S | :
Consider the transfer function . : ' . YR -
Y | ‘ " |
wo oo ! : - ‘
T -t e . (6-1)

=
v (s+ol) (s+02) & ; b - L
, are positive real constqn?;s. . o ) -

1f we dhoose to realize this transfer function using configurations . -

where ¢ 1 and o

o< . .
?ﬁ‘\i_g)ilar to configuration 3, we may represent the quantity “

A o ‘

T, - = -.l‘ ’ ‘ £ ' ‘ \
s n
;o Tlv (:gwl . N L
by the'SFG shown in gigure 6~1 which is similar to-SFG(3-c).

. ’ ot w - ‘ . ’

.

‘ " Ne may also repredent the quantify,
. ‘ ~ .

(e

. -1 . s '. R 4
Tzv = s+0,, o .o

. - - “ N -t ’ v 3 - “ ..
by, the SFG'shown in figure 6~2.'.
. . . LY - '? & o L s

\ . e



° ' b
. . \
. - ~ * [ Bl

which has also the general form of SFG (3:*a) . Since we are using

5 -

. : _conf'iguration 3 for the realization of Tlv and T2v' we can write -
, o . ‘ ( v . -
. Tv. = Tlv T2v o . . ‘ - (6-4) ,

which may be considered to represenf. the cascading of the two-networks.

.

. -Identification of the network parameters can be achieved by several way. A
’ ' Some of them arg' shown here. o .
. . , - .
%, i) Equal resistances prescribed to a certain value a. ‘.
- - ' \ - ~ N ) )
Let ) , ‘ | / v
- (1) _ ,(2) _ ) o o
& 4 . ‘ z1 zl = «a , C ) (6~5~a)
] N ‘ , . N
and v . ' . . .
., (1) s - (2) _ s X ' - - "
. ' }f/ r TTrope  F T (Tvoya {6=5-b) |
: . ' ’ | ‘
» ! . R
: -Th:'ts identification leads” to the|network shéwn in figure 6-3. "
ii) Equal capacitances prescribed to a certain value «. ' . .

. C , . .o
- B * M ? . .

~ Let - e S - : —
. o i - . T N :
- (1) 2 _ M . : ' : .
‘ YF =e¥F as ¢ . . ‘ {6~6-a)
. and e ’ . .
. ' < (1 __ 1 o (2) 1 - TN -
| R 2 (1+0)a % (1+o,)a : (6-6-b)
1 T S o
’ K, = — : K, = = : S ~ (6~6-c) :
,,- . (" 1 01 ; 2 02 ‘ - N . " . '. -
this identification leads to tfle né#v)ork shown in figure 6=4.. _ - . . .
DL . . i - ' ' -
o s L 'ii.i)‘ Axbitrary choice of resistances and. capacitances. ‘ \ B
gy ' £, - ’ . T T .
:‘: h . 4 Lat' = o - i BT R
) é’g.;:'. l ~ : N ! ' Z(l? == L ®, ’ z(z)’ '- ‘.1.'_.: . s . _‘. : l." . ) Q' - ;o {‘ ‘,‘,6;‘7_‘) k ‘:‘ i




1 1
. K, == K, = — , (6-=7-c) .
| 1o 2 9, @ P> ‘

- B ’

© '+ o, and dz are positive constant parameters which can be chosen'in order .- :

: - to fulfill some sbecial conditions or regquirements. HR

' " . - ' ! ) ’ '
- v This 1dent1f1cation leads to the network shown in f:l.gure 6-5S.

iv) Mnmlzatlon of CTot with RT & prescribed to a desired value K.

: ' . Uéing the identification which has been alréady used in (iii) (equation

\ .
: {6~-7)) and the network shown in figure 6-5, we have:- . , R

" C i _ o ‘
. .= + 2 —'.K (6-8)

C . ' (6-9)

L
2 JR .

« . " ' we get:- .,

- : 1 K _ L PR g

1+0. a2 , : , o ¥
2 (l+cl) (az K) . " . N N . fey )

IT.’" R R " = . . 1+c"2 ‘ ‘ . ] o
o3 e = TS 2 Lt

t
1 ‘ ) -
¢
}

A ﬁ+'/1+a‘ /(1+& ) C P b 4
- : ) l . RERERNE R R F S
Ly e 2 cs 16) :

-

PR ﬁj;faz){<1+ﬂll.

e

o . , Wil
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It is obyious that it is mandatory £or the physical realization of the

and a, be positive qu“antn.tles. Notice

.
‘

network to be /possible that al

that we chose the positLve value of the square root in equatlon (6-14) .

v

because the negative value would lead to a negative value of either a, " |

- s .

. ' or a,. It could be easily verified that this leads to a minimum value -

of N ) o .
£ CTot ‘ .
v) Minimization of R’ret with CrII ¢ prescrlbed to a desired value (k) :~

. W - %

Using the identification which has been already used in (iii) 'and (iv) . .

(equation (6-7) and the network shown in giguz}e 6-5; we have:-

1 - Is

- ay ey ‘ ’ .
: Crot ™ Tvo. f Twe, = K ‘ - e -
‘ 1 2 >
' . » 1 1 - : ‘ . ' .
: R R A ’ X . . , . ~ (6~18) ' -
. Tot ~a1 a2 3 i ) -
Let (l+g,) = x; and (l40,) '= x, L T _{6~19) )

o

1
! ' -(-a .
- ‘ . i 1 )‘(2 2 o

' R'I‘ __._11‘.2;.._'+ 1
e '- ot Kx x2 xlxz. ‘qz -

! .

/To minimize Rt e should have

o

R AR

R

o
)

A %A

2
. (lexzjxi\azg .

IU

“'a, ""‘ "z 1“2’

N I

"' 3
£ }:5“*”’*’
AR




,v ) . \ . . ) . JE .
. /x X . ' . :
l 2 . ‘1 " - * [ . ‘
. 0.2 = sz + x1 . ) - - - ' (6-?6)

. . To obtain .the minimization of R we choose - - . :

-

‘ K > | | ‘ S L (6=29)

. . . . 4

because oy and o, have to be positive quantities for physical realiza-

s
. . B

v 5 u

bility. | | . . _

. .Case(-SLa—Zl! - . : oo , ( .
R Consider the transfer functidn
o ,

© v dsto))(sto,) , ' R : : -
\ C o N T G (st ) ' . , (6300 . .

. . -
s . -

t

B . o ~where Oyt Oy 051 O, are posiﬁve real conéiants. If we choose to’

R realize this transfer Function by configurations similar to conf1gurar.ion RN ;»\
e - - SR IR ; . P
T L3, we may ‘represent the quantity A ot . .

. . . (sml)« " ’ Lo ) (. - ”

R ,Tlv“f;é‘;ﬁ- | ] N _"?@"3‘»’]'

' R

3“‘
ra RN
-
Ifml.» -;..,
(;‘\ 3}
3
&
0 B
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. l ' , v ’ ) ‘ P B '
. _ For the networks which we are using we have .
. > = ’ ) ’ ) h’ - : i -3
: . ' . Tv Tlv TZy . . ) (6-33) . .

- . 1
1

and this. can be realized by t~he‘ cascading of two networks similar to

" - 'configutatibn 3. Identification pf‘ the network elements can be achieved
. in several ways and some of them are shown here. PR ‘
. oo v N N © X i
Py In'general we can let:- . e .
- o ) . . . . o & ‘
s . ' \'\ - z(l) ==. l Y(l) = q [S(l" _;__‘_)*.(a - __]_-_)] %‘
; / 1 1 N F 1 - Ky 3K, L
° : : ‘ @) [8(1+ ) +0, (L) o : ,
| ' 1 1 ’ T ) (6-34-a) y '
(2) - 1 ‘ 2 1 % . |
, - 1 1. g =aplslls g +lom ) ‘
: uz[s(1+——)+a (145 ] . 2 2 |
. - K- 2 K |
2 2. . ., |
. , ' . (6-34-Db) .
with the conditions ) , -t .
0-1 ) 9, ~ ‘ -
N — - L . A . .
. ,Kl'?-l 0,2 % Oy 2 ¥ 'Kzil (6~34~c)
- 1 2 Co- N
, Hem;é-the“ general forin of the network will be the one shown in figure .
? . . .
O R i ) ~ o ""7 —_——
H~-8. It may be mentioned hexe that there exist other identifications
for z{?‘) ziZ) YE(‘I) and Ylgz’ and hence dif‘fereniz solutions are possible.
. i) Equal resistances prescribed to a certain value % . b i . T
The conditions are:- - - CRN n
c.0 (l+—-1—) = K - ) o o ! (6-35-.a) -
RE S Ki ( ) . ’ . y . e g
. (o ~==) =K . . oL : - (6-35+b) T
173 x5 7 : , AR : , N :
.  ang, 14 --x-. . i T ' té-—:is-«:i
‘ N ,L .‘ . 2 2 Kz P o o, T Ak R SR I ' . a

[ . . B N . . . -

| (6~35-4)

&

Faarvn o
) 2.-\:.. G

SN
i 26l
o




- s[RI R

o shR) -2
L s[egdeabeR] 0 s[eRlesleR]l
‘ . T A ; L=l -
f‘igure 6-;6. A possi-ble SFG 'fo'r '

.

Ty = - (Stq)
(S+5) '
5[‘_1‘;1]1[‘;-%] '

. S/-[""’L’fz]*-ﬁ[“.k‘z] : |

-~

. S[Hﬁ‘]{-fi[lf =1

R

3

iy

KA




. ; a, =’ - . .
\ , 2‘ 2_0‘2"0,4 . - . ' . C.

~ >

. Since &1 and @, must be positive quaitities the network is physically, ’ .

S realizable if T @ : : S ‘

. . _— . (
?3 >0y 201 > 0, o S o (6-40-a) S
— and S = o " . PR
94708 LWy >0, R . (6-40-b) .- - -
.. N - N ' N . » ~ .

N We notice that’ the admissible values of oi'; 02‘. Oqr 64. are highly b
. .- ‘ . » Sy~

.
. [ e

v ‘ restrictive and Xy and K, cannot be arbitrarily chosen but must have . -

. K v - . . "» )
R .. definite values. o o A :
SR - - i{i) Equal capacitances prescribed to a certain vaiiaég K. - - I
. . . The conditions are:;- . . -
.:1 o ‘ ) 1. . R ' : -
Ge oo a, [l =K R
}:s PN . B -Kl ' . Y -



h

. ) ) ! ) R . ‘ ’
- .. , _ . ‘ ‘
C ' It is clear' that these requirements can be fulfilled only if:-
“vh:g | \ \ s Kl - K2 > @ . - . | (6-42) -
' Lo a, =a, =' K . (6-43)
iii) Prescribed values ‘'of two elements of the network. .
- v o :
Y It is clear that by adjusting the values of the two parameters a,
. ' and az, it is possible to pfescribe the values of two elements of the -«
o network to any desired value with arbitrary choice of K; and K,. Bslo,
- ' oy and @, can be chosen in order to ful&ill any given condition or "
-requirement. . . , !
| " . * .
| . iv) Mnum1zat19n of cTot with a prescribed vatlue for R’Eot = K. . . T
| . e
| 7 R'rot=§—[ l1 *‘.lc}' ' -
s lgo (1+Y<—) L 1
| 1 g - ==
| 1 3 K . ,
| 1 s ' .
: O — + L — - N (6-44)
‘ .~~\.=~: ‘ . N 2 02(l+_l_<__) g - .2- . ,
| ' 2 4 X , .
A ! 2 ‘
l \\ u’l Let \ - ’
A
\ J 1 : ’ ) '
A R e e e X, R . (6-45-a)
‘ ‘ , ol( 1+ 1 , ) S
| “ ., . . K2 03" i"’"‘ e - . ’
. a v 1l '! ’ ' . .
and . )
~N
. , . Iﬁ » f
a l . .
, [ pott =y - . - {6~85=b)

P

Bt

A R

R AL
o




*1%2

L 1ok, : . g | . .
. S lem2 ; ’ N S ) 3 !
\ Croc = x=, * 22 . | - Co(ems0)
‘ S .
. Te minimize C, ., we should have:- ' - . '
. Tot AP . ¢
0 . / -
ac 2x, la_X-x_-Ka. ] ‘ :
, Tot ., _1 2 2 2 L ..9p . (6-51) . e
. 0, o, K-x, )2 ! ‘
, 2" "2 .
. *x.x, = (¢, K-x )2 - 0 ) ' ) {6-52) ‘
172 27 72 ) .
+
0y =2t 12 | (e-53)
2 K .. ’
) . * \J . N Fad *
. To obtain minimization of c';[‘ot and to avoid negative values of oy and
. azb, we must take , , ej" : ;
’ & b . [

: v) Minimization of R'rot\: with a prescribed value for C'ﬁbt = K.

‘ Brot mdofmdo s F g A 2. (6-56) ' ...
3 R A T T g )
- 1 3 x 2 40X

=




-a

. ) ‘5 [ 2 4 . '

. In orde'r to minimize RTot we must have \

3R X Cox. . . ‘
) Tot _ 1 - 2 =0 (6-61)

. é da, _l_(__'a)Z ) a22 - b : .
2 2" . -

P -
. @, *+ «' is a trivial solution, the other solution is

- .
5 ‘ -
«

, 2 &2 ) A . (662) -

[xja, - a5 - a) 11/ o, + v (5 - a)] =0 | (6-63) ":

< ' - . ' ~ — N

. Hence corresponding to (6-64-a) we have

- < .

Ty a i -

K 2
L K a. = --[]_ - ‘ .
e 8 &'1‘;/?2- -
} ‘and corresp,ondihg ‘to (6-64-Db)

S , ) A Eeag A

- A - _u‘ Con . 1~, -,:"--w,?

- 'The two different ‘sylutions and ‘the oree Moirilone:

i ) R o oo T "(’*yl:‘S,"\’ K i\_",.' Sy -1 3 “A{;\%&‘: S

GOV e etd e el e e e i
e o AR 35 vh

I

e



; ’ ©-93- - a
- / i d N
' - ‘ ’;’ ’ - .
below:- ’ ’
- -Solution No. 1 - , - “ Solution No. 2
“ ) . e . .
. . Yy ' \ T vx
. . . 2
: 4 ] - . 0= 3l - ———]
| a4 N N
‘ < . - )
, ) . = K v‘xz— . Ksz }
' ' ’
) - 2 2 AT+ K S 2 20vx., - /x.} Lo
1 2 2 \
| . f o myith Vx> vx [
& . v . 2 l . .
.. _ N ‘ 4
Case (s—-a-3):- ‘ \ ‘ . .‘ ;
Let us now consider again the transfer fug;é:{:ion ) K\ : i
\ T =l - ' ‘ . ‘ (6-66)- |
» N v~ (s+0,) (st0.) - . . |
N -~ l 2 ,
s ~ . ’ < v
We realize it now, using the network number 4 as a basic configuration. B
7 ‘ oo %
AR > The S F G of the quantity . - \r ,\
: ) . . ‘ . ; . - .
. T1v'™ 510 : : c . (6-67) -
H 1 Y : -
- e . » Ce .
; , can be drawn in a-form similar to S F G (4-a)and is represented -in T
figure 6—?0 . ,i ‘ oo Co T« i "
A ' - R < . - » * ~
Similarly, the S F G of -the quantity - o N . . .
. ’ . ’ <) : ' * i ' ) Y
o Ty * 5 L (eew o
N . ' i 2v S‘H’z : o - . ) ' . .‘?
’ ‘may be represented by figuré 6-10 which has alsg the general form of . . ;
© ., . SFG(a-d). e o ey
[ co - e . N ' . . - " v“);
, . © Since we are using confié'urati'bn 4 for the realization of Tlv and «'1’32"., SN
DN el . ° ) . oL o Coe \ K e . . z3
. c . wa can write » .. S »-;.}\\ S
A . ' " o . o T e T
‘,’::’:“ ~o o T - Tlv 2v i ’ i oS (6"69)“- :[,:\-“:.".,\ R

Uging ne.two:k numbex 4 a5 a basic block' several poesible netwoxks can \

g

galize the. t.raqsfer function ’1‘

\
€.

tifiqatign of the elmnts'




Figure 6-9, A possible SFG for Tiy=' _.1
' (5+%)
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. - - -95 - \ / y .
] . ' . , AT
b . ‘ o 4
It is evident that for physigal realizability we should satisfy the . )
conditions:- . X
© J’ tto . ) “ >
N ~ l i . "
. o, - 1 - 2 (¢] B " (6-70~a)
‘ , ' 1 ) I~ V » *
1 ‘ ' o ‘
- o, = 1==320 . # _(6-70-b)
2 . ? s /

making the realizable 'I'V very restrictive. However, if one is per-

A

A .
mitted to realize a given Tv within a constant miltiplier, the above . ’

restrictive nature can bé}avoided. If l/B1 is the constant mulitplier
,

associated with Tlv' then we have the S F G and the realized network
) : ]

. as shown in fiéﬁres 6-11 and 6+12 respectively ‘and Bl is chosen such . s
that N ) “ N l;\

i

K

>0 . ) < (6-7L-a)
Similarly for T, - the S F G and the realized network are shown in
T e .

8101 -1 -

figures’ 6-13 and 6-14 respectively, with the constant multiplier l/B2 .

- and B, is chosen such that ’ .

e

B8O, -1 - 20 | (6-71-b) e

‘ 2 ‘ N . . . -
Hence the total network realizing T within a factor - is shown . N
B } . N # V . 8182 - * , L~ )
in figure 6»15. : T ) . S,
It is to be noted that the identification which has been jused is Y

. (1 (0 1, o

. Ze =K, Y B;Ls +(80, - 1 K],"‘ . A (6 ?2 a)

’ (2) | ) T ) . - :,.. ‘

. C Zg =K, ¥, . B8 +(6202 1 K : (6 ?2 b)

N

i) Eqilal capacitances form préscribed to a desirec.l’.'\'r’ lue ae ’ .

Ry ' A o

" uUsing the following identification:= . ' .-

. - K s . )
S GV N P ¢ | D S
T N® clB 3 gy h % 1




Witb the conditions .

s

f

LN

1 1 A :
aBp0, = 1 Tk, 2 0 oy8yo-1- K2 0 (6+73-c)

The. network representing 'I‘v with this identification is shown in figure

6-16. ~To,determfne the values of oy and'a2 for equal capaci%ances pre-~

scribed to a certain value a we must set
* (6-74-a)-

(6-74-b)
' G

Since the values of B, and B, are determined from equation(6-73~c)we

must have

= &

2 62

ii) Equal resistances form prescribed to a certain value a.

Using the same ideqtificatfon and general network as in (i) it is clear

N «

that the conditions are* ’

+
v

K

(6=76-a} .

. (6~76-b)

s

%6-76—c)

N
i .
s L

\

R
{x.w,) *;J, x“'i!', ‘rg
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r4 77\
> . . | . :

) to - " < ! [
'a’ . . . , ’ N '
. g = a " : , (6-78-Db)
_ . KplBgp = 2 - E‘z"\ : |
Hence ‘ }' " \
1 = ! - - N . :
Kl(Blol 1 Kl) =1 ' (6-79-a) S
| and ) J
| ‘ K (B0, - 1 =29 =1 | " (6-79-b)
| 27272 K . ‘
2 | -
| . Hence :
2 2
. K. = — 5 K, = ~ (6-80)
CoL 1 By =1 2 By0, -1 ' |
no T
Now. since from condition (6-73=c) _
A K >t K, > =t | (6-81)
1-8po, -1 . 228, - 1 A _

- o

It is clear that the four conditions can be fulfilled by a proper choice

. of Kll. 27 Py’ 23

no more arbitrary but have to be fixed to a certain vélue.

K., 8,, B ¢ K. are

2

but it is to be noted that the quantities X,

iii) Arbitrary ‘choice of two network elements.
Using again-the.same identification and the'same network as in (i), it

is possible by a proper choice of the parameters oy and a. to assign
specified values to two elements of the neﬁﬁork or to fulfill some L

v \ B
special condition or requirement. _ ‘

- .

Tot

T ‘nimization of C_ . with ibed values(K) of .
v) Minlmlzatlonyo W, | a prescribed va ?éxﬁ ) o Sth
Using again the.same identification and the’ same general network as in

a2t

{1), we have;- . =~ .. ‘ ) T ‘i~.

I J
LR
1¢ “’,-_’“@
r



- with the values of x 5 28 lof St

lelch — G l T =™ xl ‘ -' ‘ | (6-84-—3?
. 11 Kl - ' A ’
and
. . s L ’ P
” B.K. + : 32 = x 2 : (6-84-b) -
22T T LT , : .
. 272 K2 .
- . _
Hence
X X
K= et B (6-85)
11 272 \

and if we rewrite equation (6-76) in the form

d = = 2 ' ) . —
Crot = 2 Cpot = 2 938 * 2 2,8, ‘ . (6-86)
we notice ‘that eqﬁations (6~85) and (6~86) are respectively similar to
equations (6-46) and (6-48) if the folfowing transformation is used:-
Replace o, by a8, ) . | (6~87-a)
Replace a, by 6282 ’ : - (6~87-Dp)

The problem being the same as in case(s-a-2)(iv) the soluti.qn is given

[y

by equations (6~54) _and {6~55) . Using the mentioned above transférmation

we have ' ‘ | .
. a, = xz L/ xlxz. . i . L ‘ ‘ ) mon
"2 B : ‘ ‘ - {6~88-
- f ' . ° s . ) . ‘ . . )
L%y F v X%, o L - ‘ \ |
% - 8,k A A (5)..3—3,1,)‘

- il
v ‘ ,

and x, ‘as defined. in equatiohs -(6-8d-a)  and

(6-84-b).‘ 7 -

,v) M:.nimization of R‘rot w:l.th a presml'ibed ?alu\a for I::,l,0




% K M . \
o Cpor =77 MBy * 926, oo ' ; . (6-89)
K= 2Bya) 4+ 28,0, e ‘ I,\k__g, : (6~90) *
o : .
(- Prot=ix s —E= ek L 5 o (em
a 1'80-1--{4 a22 Bc-l-L ' )
e it ! K 292 K, N :

-

Using the same definition for xl' and X, as in equations (6-84), we may

write”

" 1 2 fe 2 ° ' oy
Rpot = N - ) (6-92)

Uéing the transformations (6-87), equations (6-90) and (6~92) are

similar respectively to equations (6-57) and (6~58) and since the

préblem is similar to case(s-—af-Z) (iv) the solution is given by equatiohs

(6~64) and (6-65) . ' -

- =

Hence using transfométions, (6-87) and with the values of xl and x2 as
. Ve

defined in equations (6~84) we have - .

> -

 1st Solution . ‘ 2nd Solution
: . k .
' lé f xz 3 CL K . &Z 1 ' L
(11 = 28 {1- /___ ) Gl = 28 {x ~ ',___J *
Al x2 + #xl l., sz + Txl ‘-\‘ .
o k % K/xy L
u2 - T { ] . uz = = ',__ . R
v , . 2 Ix, + ‘Vxl . ‘ 282:[ X, = /xl_] L
- s : . v, “ . . With {xz > {xl ) ( . \ . " i

B . ¢ * . . . ) R . ¥ \

’

)

6—2 Part(s-h)u. 8ynthesis ‘of lmgpass sgcand order *!:x:ans.‘.’er:a

funct:lons with reaL or cmglex ggleazu

.

]
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6-2-1 Method 1 o . )

: Any second order lowpass transfer function with real or complex poles \

¢}

| can be expressed in the form ™ ' R
. ' - ° s )
T = = 1 (6-94)
voD®) ey bet e : :
12 0 t
4 The denominator D(s) can always be split into two parts
D(s) = D, (s) + D,(s) ° ° o (6-95) - X
" such as - ' ‘ ) §~
| Dl(S) = kl(s+ol)(s+02) | (6-96-a) , .
Dz(s) = kz(s+o3)(s 04) \ .(6—967b) o
where ol. 02, Oy 04'a e on the negative real axis of the s-plane. l
" It is easily verified using Mason's Formula that the S F G of T, can be- .

N

represented as shown in figure 6-17.

' Using S.F G(2-b)for ideﬁtification"pﬁrposes it is clear that the block

5 diagram of the S F G of figure 6-17 can be represented as shown in, figure
v .
« 6-18. o ) 1
- . : 1 ' D, (s) . o ‘
Now since an§g ——7—— are second order transfer functions with
. Dl(s) KDZ(s) . .

poles and zeros lying on the negative real axis of the s-plane we are ' Y

: '

able, using thé techniques described in part(s-a),to realize them by
finite gain operational ampli

Case (s-b-l) :- : : ) .

“ P -
cier networks. S
o ' ' R

.
1

Consider the transfer function with complex poles-

.

T 1. "1 o .
T . , = r— , Lo

i ‘ : ' -v s? + bs +C - D‘s> ) -
e . "' . Let us'split the denominator D(s) in‘the‘folloﬁ;ng k9&=¢}
}E L ‘f,: N .D(3) T Dl(g) + Di£§§ ﬁ“'f

{070 i o where Dds) = {c R

5 X

500 e

i
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LN

Let us consider first the transfer function

A network represelnting‘ Toy

Also RN

_
© 0 Tw T s

1
(c =-b2/4)

o

.

"
‘the subnetwork: Tl

[

; T, (see figure 6-20) and the' network realizing 'Fv within a constant

3

multiplier
‘e~ b /4

, . Case (s-p=-2):- -

o
N

ade

Kl

32+bs+c

inmided that we set 0, = o, =

v

- is:shown in figure 6-19.

C " Consider againbthe transfer function with compiex poles,

has been deduced in case(s-‘-a-l) and is shown |

o

v

¢

~

If one isg permitted to realize '1' within a constant multiplier

- ’

‘may be removed Erom. the total network gepresenting

L4

N , .

A

c\d; 5 :?,
1;%"&
. Mﬂﬁ
w2
* “,.‘:\‘3-,2“,‘,.5:* {,};‘1‘”&’ .ﬁi%g Fh’.'\
Aht a3 e, PR
PV RSy ("«-:\.'3\ o WY ;.\ .
SR N
v VR,

~i‘{,‘ 7

\gﬁ? (un"g,#' A)*’I
f ANy

,.
ﬂ# ?i-u £

ui '

Y

}« A,

&
;..%“,x’&ﬂ LA

(6-100) . . .

‘e

(6-101).

(6-102) °

p

(6-103) . !

.

fe o Dl(s) c -”"b2/4) L . l .
. T2V KDL (S) s 4 by2) 2 3 ’
This transfer function may be written in the form
.
[+]
, (c-b2£4) 1’ ' T
. T2v = K X 2
( ’ ' (8 +'b/2)
Now since-the poles of 'I‘v are complex ¢ ~ b2/4 > O,it‘ is possible to
. .
let .
. a
K=c¢ - b2/4
and T2V reduces to - ‘ . 3 ) .
. ’ N
TZV = l 2 ’ N ' L]
(s + b/2) v

v

. ,

(6~104)

(c - b*/4). B
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, . =106=

. , . -,
. ) . . "t
D, (s) 2 . SN
Tz - Knl( ) = c -b /;’, o ) - {6~106})
i 28 K(s, + b/2) .
N T2v can be written in the form ‘

' . (e - b2/8)8.8 T
172 '

* (6=107) |
185 ' : g

. L Ty = = X

(s +b/2)2 8

N Now since the polesg of Tv“are complex i#”is possible to set ‘ -

- ¢ R

. L3

. 2 . ’ . _ ,
Bfple -/ =k © (6-109)

and T reduces to . . -’
2V . . -

. .
Tow = . > . (6-109) "
B.B,(s + b/2) ~ |

e

. _ A network representifxg exactly T2v has been deduced in case (s—-a-3) ‘and

is shown in figure 6-16, provided that we. set 01 = 02 = b/2. ) a
L. —L : .7 (6=110)." a
c~b/4

o Now sim.:e Tlv = Dl(s)

)

C- ’ if one ia\permitted to realize T within a constant multiplier
. v ' c -~ b2/4
the subpnetwork Tlv may be removed, from the total network representing '
- T,(see figure 6-20) and the network realizing T, within ‘a constant )

: multiplier 15 *is shown in figure 6~20. - .
) . ) c-b/4 . . .

.

e 6-2-2 Method 2 . a = B
« ~ Method (2) is based on drawing the S F G from the given transfer function ' .. . ./

oo - and on obtaining ,the active gircuit directly from the S'F G'Sy 'indent{.'fy-- -

PR ' ing propérly each part of it. ’ Lo ) T . . .
n ) ! ’ . . . ) « B .. R v R . . “ .— - ":. ! '/‘ b
“L.. . % case (s=b-=3):- LT e B PR S 2

. consider the -tranéfer function with real ‘or complex poipiéi?ﬁ;i by .

. ) ' o s T

-, v . L . W Te M * e R

BRI e 2 .
o , e " Lo . ot A, .
. ':« T : W P : e T R
. 'where K, O, and a°a i § ;
.5 where Ky, O d-axe positive real corgtaiits
W s te ’ LT TEP R SN 4 o At
v, TN i . ] HY e
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r ‘

It is easily verified, using Mason's' Gain Formula, that the'S F G, shown ‘:
- . P : -
n , - A

. ‘ in figure 6-21 represents T, where B is a positive real constant whicH - - '

’

wid.l be determined later. Y

b ”

i
< : !

‘.Using} SFG (3-e) for identification purpose the network representing T,
is directly' deduced and is shown in figu'r/:e 6-22. oo - 1
. It is to }?e noted that the framed part of: the SFG represenﬁed in figure - . - :
' ’ ' 6:-,2],. is realized by the framed part ‘of the networkArepresente'd inlfigure “
| e 6-22 while the remaining part of the SFG is realized by.the ranalning g
3 part ‘of the network. : ) . ’ C *
It is obvious that for physical real'izabill‘ity purposes the following |
conditions are mandatory:- ' . | - T\:" ) \. | . ‘“i\‘
) B \3_'% _ ' ' l o | (§:112-a) : ' -
K, 2 kB | l (6-112-b) '.‘. <
Kl'g “"é = . o . © o (e-lzee) 2 |
, K, > ,—1(-0- g N ' - (e-vltz-d). .
|

Several other suitable SFGs of 'rv are possible ;and would lead to other

representing networiés but we shall not discuss them here.
T b . m“h"\ . . . e
Case (s<b-4):-

Gy Ko e AEINpRe e p o~

t

!

i

I

|

i

. ) i
2 : f
i

i

l

> \ . to. . '
* Consider the transfer” funciion ‘ Y -
X o I I L (6-113) BRI
v o2 o . '

_as +bs+c ' , : o

where a>0 b>0 "c2>0

~d ’ !

network similar to configuration 5. " e ) o

f . . “
« 1

S

£igure 6~23 and: is sn\nar bb SI'G 5-1, Alis def:lnod hq thﬁ equnticn, ,‘,

fn.,,

i
»
s




' \

, . C i
Using the following identifications of the network elements:- .
. N 1 'Q\ ! - - :
K = 'E x \\ \ ‘ . \ (6"115"'3) - . .
£ ;> “ g, =2, = 2c R ' (6-115-b) !
1 . 1:',, = " . }
b+ Vb ~8A ’ :
Y- (-—-————-—————) s ’ - ° . (6"115‘C) - }
2 4 . _ x :
~ " bt V/b2-8a- I ‘ ' ] -
Y, = (F—p—)s - (6-115-d)

”

The corresponding network is shown in' figure 6-24.

~

It is obvious that it is mandatory for the physicai realizability of the .
' : -8

o
¢ &

network that the condition . .
b2 - 82> 0 - _(6-116) :

Ly Y R . -

is fulfilled. "

. . . 1
If this-condition is not fulfilled the entire transfer function has to /]

k
.condition (6~116) in, the form . : A .

be:-multiplied by a constant factor L where k is ﬁosen 80 as 1?:o fulfill

b2k - ak(l + 29> 0 . o o (6~117) .
ck’[/ - '

et

and in that <case ansfer funcuon will be real:l,zed by the network )

shown in figure 6-24 within ‘a constant ?:2]_{ . ‘ . - -

It is to be noted that the realization shbwn in figure 6-18 is an equal

resistances realization. Also if b =™ BA it becanes also an equal

1

capacitance& realization. ; o ‘ ‘- T

‘It also should be noted ‘t.hat this teal{.zation ia' valid whet:hpx the pélew

-of 'r are :eal or eomglex as long as; qonditions (6;1i6) br (6—117) m

fwﬁlled .

¢
5%, spf»

e e,
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. 6-3 Synthesis of any second order transfer functiéon with real or R

complex poles and zeros:- - ‘ ‘o .

. ' v, ’ N " 7"’/“ i . .
?\ Ne shall di's/cussfhefe only one method and illustrate it by a typical

s

.

example.

Y

p 6-3-1 The Method

‘ The method hére is gimilar to Met}.)od 2 in case (s-b). It is b‘assd/on
! drawing the SFG from the given transfer funz.:tion and on obtaining the
circuit directly from the SFG l'ay~ide}xtifying properly each part of it. :
Cas.e (s-c-1:- x

Let the general biquadratic transfer function be given by

‘

.

2 R . 5 -
— . T (8) = :—(E—zfﬁi"-’)—' : (6-118)
“ . k(s5+cs+d) ' : ’

1
1

where k is the multiplying constant ef Tv' -

. It is easily verified, using Mason's gain formula that the SFG shown :in

Lo

: "figure 6-25 is an exact representation of T,- ' S ’ .

B is a positive constant parameter which will be determined later.

Using SFG (3-e) for identifiéat;ion purposes the network representing T,

.

is directly derived and is shown in fiqure 6-26. -

1 N . . o

:} : It should be noted that the part of the SFG showr{ in dotted lines in ' N

<

figure 6-2.‘"; is realized by the part of the network shown in dotted lines

in figure '6~26. - ' . _ S

- .
.

The remaining part of the SFG is realized by the remhihiﬂg part of the’

network . : ’ ‘ . ' ’

. . - o

.

"It is obwious that for physical realization pu}pcses. the follmqi:ng.l )

cbnditions are inandatory T S L
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would be compatible with condition (6-119-a) .

) *

. Pl

It is clear that the two previous cbndig:ions are ccﬁpatible. since it

L

would lze sufficient to let B > a to fulfill condition .(5—119_b)and this’

v

Also, if the numerdtor

5

. of T(s) has complex zeros of transmission condition (6~119-b)is always

" satisfied.

~
v

tv

1v

>
K2_‘

-

For the

D(s)

The den@ninator D{(s)

B(k+l) + % - a

k(Bc-d) . )
8 .

1
k
1+b/B

ke

N

sake of completeness we

«

Qp with respect to the elements

’

(6;119—c)

(6~119-e)

- _ {6-119-£)

shall compute the sensitivities mp and,
of the circuit shown in figure 6-26.
= ks2+kcs+kd of the transfer function, computed

from the realized network will be in the form:-

- {

= (14 .——)(1+ ——) +c c(1+—-)-- ‘
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o ’ ) F272 1(2 Kl ‘ ' -
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‘ - B - ' :
. - . It is seen that this realizatien contains negative parts in the s and s° '
terms. ‘The negative part in the s° term can be eliminated by making RN ;

.

G, = 0, which means that g shall be chosen as B = %under this condition

.

‘is always positive if we considex orily complex zeros of transmission.

¢
: - However if we try to put the condition Gp, = K,Gg» we see that the negla- .
v g ‘tive parts in both the s and s° terms are eliminated. Under this condi- . "‘_
tion we show below that conditions (6-119) are always compatible.
., TheconditionG_, = K.G, can be written in the form .
- F2 173 , N L
’ K K +14b/B S . :
1 1 . VY O o
k = Tt CE ' \ . (6-1H)
Condition (6-119-f) can be written in the form e e
+ : : A .
k > l—KBLB- o , . , (6-179-£1)
and is always fulfilled, if condition (6-121) is fulfilled. .-
Condition (6-119-e) ‘can be written in"the form - o Ve n
.‘ 1 . \ ) : l o .
k > = R - o, e v (6"‘119‘31)a

(6=121) .4
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B+b b v
- K. C t B g~ 2 - C : .
K o -12
1 = 1 - -@. _ ..E_ - ) (6 3) ' 3
C( K'2C ’ . ¥ ;

Condition (6-119-a) and (6-1;9—:b) are always compatible with condition
(6-121) . . .

Hence B will be chosen from conditions (6-119-a) and (6-119-b), K

2 v;ul]T

) Will be chosen from conditions (6:~li~9-'-d) ’ -,

(6-122) and (6-123) and k will be calcalgted using condition (6-121).

. be chosen arbitrarily, K

Under the conditions B8 = % and GF

v v

2 = K1G3 we have computed the sensi-
tivities. - Co

1

It can be seen that all the mp sensitivities are smaller than 1/2 while

4 .

all the Qp sensitivities are spaller than 1.

;
.

Since w_ = /X4 . | . (6-124) .
. p Yk . . _ -
we may express mp as a function of CFl' CFZ' Cl’ C2, C4, GF'].' GFZ' ot ‘
, G3, G 4’ K1 and Kz and hence compute the sensitivity of wp with respect, . &
N _to each of these parameters computation leads to:~- ,
1 1 1,1 ' .
Gy Gy (14 1) (14 F4G,, (646, (14 i~ ) 3
gw 1 2 1 "2 - <
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g® oo 12 1 2 {6-125-1)
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| | 1'f 1 11 c
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, 2kd . ©
) 1
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I 2K 1 2 K K . 152
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Since
w k2d a " . * . 7 . .
=y 24 e, N . 6-126 .
L Qp / ke . Y ) ' ¢ ) ’
it is possible to express %aswa function of C F1’ Cpo? Cl'cz' Cyr Grl ‘

r Gyr K, and K and hence bo compute, the sens:.tiv:.ty of Q with

s

Cunputation leads to:~

F2- 3 1

resPect to each “of these parameters.
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1 1 1.1
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.6~4 A Method valid for the transfer function sensitivity computation, Ay

o

with respect to the gain of the operational amplifier directly

. from the SFG:-

We shall discuss here a method for the tranifer function sensitivity
P ¢
computation with respect to the gain of the operational amplifier

‘7 directly from the SFG applicable to some of the basic configurations

which have been discusseé in chap\:er 4.

]
t
H

6-4~1 Configuration No. 3:-

« . ’

‘ Consider basic network No. 3, for this network it is easily'deduced from

.

«

the definition of sensitivity that ' ' ’ \

S:(s)z ZlYl'; + 1 | (6-128)
=(Z Y+ (142, Y )] (K] ‘
Now the term Il ' can be identified as the transfer 4 '
. \-,[zly.f'+ x(+z,Y )] | . | )
function T, = -\-,—i- of the netw?rk 3 wh,:.,}e the term’ Zl-Y:ﬁ 7 can be iden- .
tified as the transfer function T = -2 of the passive network obtained . cL

. 1 A .
from network 3 by removing the operational ampli€ier and grounding the

.

output terminal as shown in figure 6-27. : Coel ' .

Hence Sz(s) ‘can be written in the form ’ ’ -
® . . . i i L. * :

S'r(-s) - . B ‘ (6-129) o

K v =(K)T . , ‘
No}w T, cdn, be obtained diréctly from the SFG of the network using Magon' )
0 L. N DT | tL ‘ SI .. ) : . ey
Gain Formula while 'rp can also be obtained from the SFG using the following -

' g ) . R o ' o T ".' N
“proceduré: ° : . - ' . N ST

’ - . Ve
“ LR ¢ ’

' 1) Isolate and remove from the SPG the’ b'ranéhe'é, repz:esex_\ting the
A S K o
“/cpqratiénal amplifier gain. " T e
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3 s
.

. 3) Ground the active network output node v,

Coh . . . . v2 v .

b - 4) Compute the transfer function Tp = -‘-,9- network using again Mason's
W - 1

Gain Formula. ~ '

Y

Using this procedure anmd starting from two different SFGs representing’

’\f’; i network No. 3, two possible ‘SFGs representing the paséive circuit
assoc;ated with network No. 3 are dgdﬁced in figure 6-28 and fi‘gure‘ 6-29
. and i:t'is easily d.educed from any one of them that s -
! o . T T rﬁ;;; Ny o
; 6-4-2 Configuration No. 5im -
0 Coﬁsider now basic network No. 5. It can be aeduced from @e’-definiti‘on
of the sensitivity that ‘ o | S R
| SE(S)z KIY t:yi;z)liz Higy‘zﬁ:l?:iiiw (2,+2,)42,Y 42,2 Y ¥ ] (e-130)
o271 73 34 1737274 34 1737274 ’
x Now the term .
‘ X / -K . ;
:)' K[Yz( )+z Y +zlz3Y2Y4]+[.1+.Y,2(zl+23)+Z3Y4+2123Y224]
é . . can be identified as the transfer function T v %of network 5 while
o e tom - N
{. ’ ‘Tz 7207 11}4+z Y.Y 1)- . G .
| | 2181251 ¥ 1%372%4 g BV
; can be identified as the transfer function T, nﬁ-‘-,-i-- of the passive net-
. k ‘ work obtained from network 5 by removing the operational amplifier/aﬁ
; L ' : _ grounding the output terminal as shovm in figure 6-—30. B /f’ S o
‘: B . Hence ST(S) can be wtitten in the form | . ‘ AN

o sr(s) Ty
C kTR,

N

P I

which is exaci:ly the eQuati.oﬁ déducéd previously ‘fdx& n&tﬁbtk* 3’1(,

r’; 4
‘1
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- ] v ) . ‘
X ! , .
. 3
.
'
. N

this shows that SIT(~(S)can be deduced dirgctly from the SFG by compﬁﬁing

I T, directly using Mason's Gain Formula and Ty using the procedure des- -

. c¢ribed formerly. :

By

The deduction of the SFG of the passive network associated with network

.

~%

o

) 5 is shown in fiqure 6~31 and it is-easily verified using Mason's Gain s
s ) ‘ ) . i ' ' M ' ) 1
) Formula that ! . .
o 1 4 v '
P 1+, §z3+zl) +2,Y 4+z1{7‘3Y2Y 4 \ A

.

6~5 Discussion:-

-

i . A method' of realizing finite gain operational. amplifier networks using -
SFGs is given. The method consists of:

l) Constructirg suitable SFGs to represént the given transfer function.

-

.2) 1dentifying proper portic;hs of the SFGs with operational amplifiers

.

networks and connecting them properly, - -

. It is to be noted that the solution is not’ unique and that a wide variety
r 5‘ - N .

of SFGs and corresponding networks are available. ‘ o
A;so, a frtethod of computing the sensitivity of the transfer func't‘ion with
respect to the gain-of the opei'ational amplifier for some basic netwqus
is given. However, it is to be noted that this is not géf\eral and is

- K3 Y

. applicable for some specified configurations only. . .
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4 K}
.

The earlier portions of the report (specifically chapters II, III and
., IV) contain a short .qurvej of SFGs, operatio}\al ampli iersl\ and realiza-

.

tions of transfer functions using infinite gain ope’ra.tionay{!. amplifiers

by SFGs- { \ ) ,.'

In chapter V we have developéd a few SFGs for some basic and simple

N .
[ . -

. finite gain operational amplifier networks. Coe
Using these simple SFGs as basic blocks, we have ShO; how segond order

transfer functions can be synthetized starting from s\uitable SFGs rep-
G . - | .
‘ \
i

g

resenting the transfer function.

v

F Three cases are considered:- (i) #The synthesis of txjansfer functions
’ 4 |

;

having negative real axis "poles and zeros, (ii) The 's‘y}zthesisgaf low~-

1

- . \ . -
pasg filters transfer functions with real or complex poles, (iii) The

synthesis of any second order transfer ’functions' with real or complex

v

' ®
poles and zeros! The first case is mainly considered, because the \

+©

treatment (and hence the realizations) in the other cases. at times may

depend upon it. It is evident that apart from the SFGs and the networks o,

«

pioposed in this report, several others are possible and Ix suitable for
’ ‘\

our purpose.A ‘[

|

| .

For the active networ realized in the third case (the chst general) the |

mp and Qp sensitivities 1 respect to different elements of the circuit

have been computed and it \ shown that the magnetudes of these sensitivie, co

H
" b . N

ties are low. ‘ o A .

We have also proposed a method which in spite of the fa t that it is not - }ii";
B / N
general could be used for the con\putation of the transf r functitan sen"

gitivity with respect to the gain of the operational am nfier for some

~ of the basic cont'iqurations whi,ch have been‘ used throuqhout this report.

PR

o F it 18 {fext that fuxther ixwestigatiions ¢ould ba zmittul :lr: the tauovmig T
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X N a 0

. 1) synthesis of active net;:orks using the’SFGs.method‘applied to ' ‘

active elements. ' . :

. 2) Using the SFG technique for synthesis of transfer functions with _ u
C, % B * .

i S . prescribed sensitivities. h o ’
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