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INVESTIGATION OF STABILITY FOR COMPOSITE OPERATIONAL AMPLIFIERS

Carl Schneider
ABSTRACT

Evaluation of the stabiiity of composite operational amplifiers is
presented. Nyquist Diagram and  Routh Criterion stability evaluation
techniques are employéd with different order models for the composite.
operational amplifier. The Eesults here obtained are then compared
with theoretical and experimental studies carried out by Campbeil and

Stephenson [1].

Although the approaches employed vyield similar resuits, some are
mathematically more complex than others and. thus may not be suitable
for rapid evaluation of the stability of composite operational

amplifiers.

A modular approach to the evaluation of the stability of composite
operational amplifiers for a particUlar network topology is foliowed

and an analysis is done.

Finally, a brief summary of evaluation techniques is presented
together with operational amplifier models where the experimental

circuit resuilts obtained by Campbell and Stephenson are compared.
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PREFACE

in the study of a paper by Campbell and Stephenson [1] on the

possibilities of empioying composite operational ampilifiers to
extend the high fregquency performance of conventional RC active
filters it became evident that theoretical predictions of

stability and experimental resuits did not agree.

Other publications concerned with composite operational
amplifiers merely presented circuits where it was implied that
these would work under most conditions. However when one set out
to build such amplifiers and investigated their behaviour in
freqﬁency fiiters it emerged that severe stability problems

beset such studies.

The work here presented was initiated by the fact that hitherto
the problem of stability had not received the attention that it
warranted. Experimental results obtained by Campbeli and
-8tephenson made uéé of the Composite Two Operational Amplifier
( C20A ) by Mikhael and Nessim [2]. It was for this reason that

investigations presented here aiso made use of this amplifier.



Theoretical studies by Campbell and Stephenson showed
significant deviations from the experimental resuits, something
which obviousiy required further Iinvestigation. By using the
Nyquist Diagram Stability analysis technique to determine the
stability of the open ioop system it became possibie to
investigate the effect of the higher order terms of .operational
amplifier models. In fact using Millman's [37] single, doublev
and triple pole models of the operational amplifier the results

obtained came close to those obtained by the experiments.

However, the procedure involves lengthy mathematical
manipulations and it was therefore decided to apply a standard
stability evaluation technique of sufficient accuracy. The
relatively simple Routh Criterion Stability énalysis technique
was considered where stability could be very conveniently

established.
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INTRODUCTION

With the steady technoliogical progress in the electronics
industry the cost, size, performance and power consumption
limitations of the electronic vacuum tube was largely overcome

by the introduction of the transistor.

As fabrication techniques advanced smail, medium and large scale
integration opened the door to extreme miniaturisation . Today
we have reached the age of Very Large Scale Integration (VLSI)
where it is possible to have a television set the size of a

cigarette box.

In the past it has become evident in transistor design that
better performance can be achieved by utilising more
transistors. This is evident in the form of devices such as the
Darliﬁgton pair, the push-pull amplifier and the operational
amplifier (OA). (For an explanation of the abbreviations used

please refer to the Table of Abbreviations)

OAs are used as the active ejement in the realisation of Active
Filters. These active elements have frequency dependent gains,

in the non-ideal case, resulting in limited high frequency



operation. This limit in operating frequency can be related to
the Gain Bandwidth Product of the active element. High frequency
operation is limited by the passive components of the network.
prever this usually occurs at a much higher frequency than that

at which the OA’s limitations occur.

Research has revealed that extending the bandwidth can alleviate
this frequency dependency. Techniques suggested by researchers
include ‘'passive compensation’, 'active compensation®’, ‘active
and- or passive compensation® and the use of more than one OA

{1 - 36).

Passive compensation makes use of passive components and design
distortion, while Active c¢ompensation uses additional -
operational amplifiers (0A's) to extend the bandwidth of the
active elements. A more detailed explanation of Active and

Passive compensation can be found in Chapter 1 page 32.

Extending the bandwidth by using more than one OA has given rise
to the interesting contribution by Mikhael and Nessim [2]. Here
the OA is replaced by two OAs, resuiting in a three port device
termed a Composite 2 Operational Amplifier (C20A). Further
papers by Mikhael and Nessim [2 - 4,7,33] dealt with

applications for composite operational amplifiers (COA) and

systematic approaches to generating the COA employing n OAs.



The paper by Campbell and Stephenson [1] investigates the
possibilities of employing COAs to extend the high frequency
performance of conventional RC active filters. The theoretical
and experimental results obtained differed significantly and in
some cases stable operation was difficult to achieve. Thus they

were unable to duplicate the former published results {331.

The lack of information on evaluating the stability of the COA
is currently a major obstacle to the successful use of this
amplifier structure. From the work by Campbell and Stephenson it

is indicated that research in this field must be done.

The objective of the study was to find a reasonably simple and
reliable method of evaluating the stability of the COA in a
particular network topology in order to obtain a stable extended

bandwidth realisation.

Experimental results obtained by Campbell and Stephenson made
use of the C20A by Mikhael and Nessim [2] in a Sallen and Key
Positive Feedback Bandpass network. For this reason

investigations presented here also make use of this COA and

network topology.



CHAPTER 1

Composite Operational Amplifiers

Various composite operational amplifiers (COA) have been
presented in papers over the past few years. In this chapter a
somewhat historical look is taken at the various topologies put

forward.

in order to simplify the issue, the definition of a COA is taken
to be any network having two or more operational amplifiers (0OA)
configured in such a way as to realise a device having the

characteristics of an OA.

Oor more simply put, a COA is a de'vice. conSisting of OAs, having
an inverting-, a non-inverting-input and an output port and has

the transfer characteristic of an OA.

Active compehsation can be divided into two types of
compensation, namely magnitude and phase compensation. Magnitude
compensation realises an amplifier with a maximaily flat
magnitude response. To realise an amp!ifier' with negligible
phase error, phase compensation is used. These forms of
compensation can be achieved by the appropriate choice of
component values, as shown in a paper by Huertas and
Rodriguez-Vazquez [24). Figures 1 to 8 show various COAs
discussed in their paper with the relevant component choices

I\JSGO to achieve either magnitude or phase compensation,



Figure 1

The above COA was discussed in a paper by Reddy [34]

Phase Compensation ( for stability vg > 0 )
96795 = kg - 1

G276

17(KoVg) ~ 1

Magnitude Compensation ( b = GB{/GBp )

96/95 z ko -1
Gq = o}

Gz

s ]

66/60 = J.(kob)/a -1
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Figure 2

The above COA was shown in a paper by Reddy [34).

Phase Compensation ( for stability vy > O )

k°-1

93732
63761 = 1/(Kgvg) - 1

657Gy = Vv - 1

Maanitude Compensation ( b = CB4/GBz )

G5/Gg = (-Kgb/(1-J(1+b2+2kyb))) =~ 1
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Figure 3

The above COA was presented in a paper by Soliman [35].

Phase Compensation ( for stability vg > O )

91792 = 647Gy = kg

Magnitude Compensation ( b = GBy/GBp )

91792 = Kg
Ggq =0
G576y = ((1+kg)b/(f(2b(1+kg)+t - 1)) - 1

where k0 is an absolute value.



Figure 4

The above COA was derived in a psper by Reddy [34].

Phase Compensation ( for stability vq > O )

94795 = G4/Gy = Ko

Magnitude Compensation ( b = GB4/GB; )
94795 = Ko |

Gg = O

'64/60 = ((k¥g = 1) 7 (J(k?g + 2Kk = D
7 (b1 + kg)) - D) -1 |

where Ko is the absolute vaiue.
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Figure 5

The above COA was referred to in a paper by Huertas and

Rodriguez-Vazquez [24].

Phase Compensation ( b = GBy/GBp and for stability

Vo > 0)
92791 = 1 (vgkgb) - 1

Magnitude Compensation ( b = GBy7GBp )

91 =0
ga s @
GS/GO = JD/CJ‘(EkoD

GG/GO koJ'D~J'(k02)‘J'b/(J'(k02))
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figure 6

The above CQOA was presented in papers by Geiger [14] and Soliman

{151

Phase Compensation

6376 = Ko - 1

647Gy = Kgb - 1

Magnitude Compensation

G37Gp = kg - 1

where b = GBy/GB;.
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Figure 7

The above COA was discussed in a paper by Huertas and

Rodriguez-Vazquez [24].

Phase Compensation ( b = GB4y/GBp, and for stability
Vo > 0) |

95794 = 1/(vgkgb) - 1

G17G2 = ((1 + K)(1 = KgVob) 7 (1 = VgKgb

+ V2gkgb)) - 1

Gg7Gg = 1VVy - 1

Magnitude Compensation ( b = GBy/GBz )

gq = O
gs:m
617Gz = Ko

Gg” Gy = (J(b(1+kg))72) - 1

where Kq IS the abscolute value,
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Figure 8

The above COA was presented in a paper by Huertas and

Rodriguez-Vazquez [24].

Phase Compensation ( b = GB4y/GBp )

G47Gg = KZgb/(1akg) - 1

657Gy = bkg/(1+kg)

Magnitude Compensation ( b = GBy/GBp )

G476 = G5 7 Gp + ((KgbI(1 + Kg)) 7 (J(1 +
ko *+ 2bk2g))) - 1
657Gy = Kb/ (J((1+kg)(1+kg+2bK24)))

wheré kg is the absolute vaiue.
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Figure 9

The  above positive finite gain COA is due to Natarajan and

Bhattachar‘yy‘a (16].

The DC gain of this COA can be adjusted by varying 'a’ and the
first order coefficient matching can be achie‘ved by varying 'b'.
Where ’a’ and ’'b' are the resistor ratios as indicated in the
above figure. Due to the possibility of small gain bandwidth
differences in the two OAs it is useful to have the independent

gain control adjustment.

A positive unity 9ain amplifier can be realized from this COA by
taking the. gain bandwidths of both OAs to be equal. Thus the
resistor ratios are no longer required and the unity g9ain COA
results having Improved gain bandwldth. This Is a reailsation

using only two OAS,
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The tuning of the above circuit can be achieved by first
adjusting 'a’ to obtain the required gain and then °'b' to

realise a zero phase difference between input and output.

VO—__’”\ ‘ » o
>

cR

T

F

)
o

' Figure 10

The above positive finite gain COA was mentioned in a paper by

Natarajan and Bhattacharyya [16].

This COA is similar to that shown in the previous figure but
lacks the independent DC gain adjustment. However this is only a

three resistor realization which may be desirable in some

instances where ease of post design adjustment of the actual

response is not regquired.
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Figure 11

This is a negative finite gain COA reported by Natarajan and

Bhattacharyya [16].

it is a four resistor realisation with independent DC gain
control and the matching of the first order coefficients by
adjustment of the resistor ratios. The resistor rR can be
removed still aliowing independent ngustment of gain and first
order coefficient matching but the resistor qR will be of the
order of K2R. This is not a serious drawback for Ilow valdes of K
but could lead to unacceptably large component spreads for

fabrication purposes.

The tuning of this circuit can be achieved by first adjusting
'a’ to achieve the required gain and then 'd’ to realise a Zero

phase difference Dbetween Input and output.
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Figure 12

The above COA was referred to in a paper by Soliman and

Ismail [32].

This three port device can be used in the inverting,
non-inverting and differential input mode. Soliman and Ismail
found that the magnitude error was minimal and the phase error
such that it had to be compensated for., This .is done by means of
active compensation as can be seen from the figure above. The
only limitation of this circuit is that the gain bandwidths of

both OAs must be equal

This equality of gain bandwidths is not easily achieved in
practice thus seriously limiting the attractiveness of this
particular arrangement where the magnitude error (s no longer

negligible and can not be compensated.
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Figure 13
The above COA was discussed in a paper by Geiger and Budak [9).

In their paper Géiger‘ and Budak show that when comparing this
circuit with other zero-sensitivity bandpass filters it yields
distinctly superior results. However the above COA does become
unstable for wy/GB = 0,07 , Q = 10 and thus is only useful for

sufficiently small values of wy7GB.
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Figure 14

The above positive finite gain COA was presented in a paper by

Natarajan and Bhattacharyva ([18].

It is a COA actively compensated for the second order effects of
the OAs finite gdain bandwidth requiring two additional OAs and

five resistors compared to a conventional realisation.

For a positive unity gain realisation, assuming that OAs are

matched, only three OAs and 1wo resistors are required as the

overall gain poo= 1 and &a = 1/y. .
_ o} 0

For OAs with unequal gain bandwidths suitabie cholces of B and
8y or a3 wil reallse the desired galin with a relatively low

-component spread.
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Rlay AR

R/a 3 ~

Flgure 15

_ The above negative finite gain COA was reported on in a paper by

}
Natarajan and Bhattacharyya [18].

Here +the COA

is actively compensated for the second order

effects of the OAs finite gain bandwidth, again requiring two

additionati OAs and five resistors as opposed to the conventional

realisation.
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The COAs of Figures 16 through 19 were derived by Mikhael and

Nessim [2].

The characteristics of these COAs are the same as that of an
ordinary OA in that they can be used to realise positive finite
gain and negative finite gain amplifiers. Both phase and
magnitude compensation is achieved by the adjustment of the
resistor ratio a. The authors claim that these COAs are stable
and exhibit low sensitivity to variations in the resistor
ratic a. The C20A-2 of Figure 17 exhibits an infinite input
impedance in both the inverting and non-inverting

configurations.

The .au‘thor‘s qucﬁed experimental results in their paper but gave
no indication of component values used and the value of a used
to achieve these results. The authors also failed to indicate

how the correct value of a was found and for which values of «a

the resuitant network is unstabile.
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Figures 20 and 21 are COAs derived by Geiger and Budak [12].

These COAs use three OAs and are designed to eliminate both the
first- and second-order effects of the finite -gain bandwidth of

the OAs. The OAs for these circuits need not be matched.

The parasitic poles introduced by the OAs can lie in the right
half of the s-plane for'some values of B and 8. To ensure.
stability the values of B and 6 must be chosen such that the

parasitic poles remain in the left half of the s-plane.

<0

Figure 20



29

=9

Flgure 21
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Figure 22

This COA was first shown in a paper by Natarajan [23] where
positive feedback is used to reduce the secand order effects of

the OA's finite gain bandwidth. The amount df positive feedback
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must be carefully chosen to suit the near optimal solution. The
choice of positive feedback is dependent on the topology into

which the CQOA is being embedded.

The value of a is always less than 1 as is the amount of

positive feedback.
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<9 <9

Flgure 23

This COA was reported on by Mikhael and Nessim [4] and is
obtained by taking the C20A-1 (2], Figure 16, and replacing the

first OA with a C20A-1.

This COA is actively compensated for the first- and second-order

effects of the OA's finite gain bandwidth.

The authors found this COA to be stable and to exhibit an
extended bandwidth with low coefficient sensitivity and

reasonabie mismatch of the O0OAs allowed.
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This is another COA generated by Mikhael and Nessim [4] obtained
by taking the C20A-2 [2], as shown in Figure 17, aﬁd replacing

the first OA with a C20A-2.

The authors found this COA to be stable with extended bandwidth
exhibiting low coefficient sensitivity and allowing a certain

amount of OA mismatch.

The above arrangement maintains the infinite input impedance
characteristic associated with the C20A-2 and actively

compensates for the first- and second-order effects of the OA’'s

finite gain bandwidth.
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R AR
Figure 23

Mikhael and Nessim [4] also derived this COA by taking the
C20A-2 [2], depicted in Figure ﬁ?, and replacing the second OA

with the C20A-4 shown in Figure 19.

This circuit was found to be stable, to have extended bandwidth,
jow coefficient sensitivity, infinite input impedance, could

allow a certain amoﬁnt of mismatch between the OAs to exist and
éctively compensates for the first- and second-order effects of

the OA's finite gain bandwidth.
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R R
—_—
Flaure 26

This COA was obtained by taking the C20A-4 {2] and replacing the
first OA with the CEOA-E,'Figure 1?7, which actively compensates

for the first- and second-order effects of the OA's finite gain

bandwidth.

Mikhael and Nessim [4] found this COA to be stable with low
coefficient sensitivity, extended bandwidth and allows for

reasonable OA mismatch.
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The COAs of Figures 27 through 30, by Mikhael and Nessim [4],
were generated'by replacing each single OA in the C20A-1 and
C20A-2 circuits, Figures 16 and 17 respectively, with a C20A-1

and7or C20A-2 circuit.

The authors found these COAs to be stable, exhibiting extended
bandwidth with low coefficient sensitivity and reascnable OA

mismatch allowed.

These COAs are actively compensated for the first-, second- and

third-order effects of the OA's finite gain bandwidth.

C40A-1

D(R1 %’]
R — Vo
R |2

R | S
(og o T
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Flaure 27
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Figure 30

As can be seen from Figures 1 to 30 literature abounds with COAs
of one type or another. Two types of compensation, namely active
and passive compensation are widely applied to reduce the

imperfections of the individual OA.

The problem of the finite gain bandwidth of the OA in a circuit
can be overcome in the first instance by analysing the network
using the single pole model and then pre-distorting the network
components, this technique requires that the OA gain'

characteristics be accurately known. Another approach is to use

post-design trimming of the components of the network, this .
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technique is difficult and expensive especiaily with thin-film
realisations. In the paper by Wison {30] a passive compensationA
techniq'ue is outlined where one or two capacitors are connected

to the OA inputs depending on the particular mode of operation.

For many applibations the passive compensation technique is‘
improved upon by an active compensation method where an
additional OA is used to modify the impeffections of the first
amplifier and in so doing the characteristics of the so
generated COA are improved. This active compensation does
however require an extra OA which will increase cost as well as

power consumption.

It has been shown that COAs can contain two or more OAs. Taking
the COAs of F'igureé 1 to 13, 16 to 19 and 22, comparison reveals
that all of them use two OAs and a few resistors in a variety of

topologies and all aim at improving the gain bandwidth product.

In Figures 20,21,23 to 26 three OAs with resistors are forming a
COA while further enhancement is sought in COAs containing four

OAs, Figures 27 to 30.

The various circuits presented are approximately in
chronological order of publication. It can thus be seen how the

COA has deveioped over the vyears.

in the following chapter a more detailed look is taken at the

various COAs, their uses and specific characteristics.
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CHAPTER 2

POSITIVE GAIN COMPOSITE OPERATIONAL AMPLIFIERS

As mentioned previously experimental results obtained by
Campbell and Stephenson made use of the C20A-2 composite
operational amplifier (COA) by Mikhael and Nessim (2] for a

Sallen' and Key positive feedback bandpass filter.

Negative gain and thus negative feedback networks are inherently
stable and therefore only positive gain composite operational

amplifiers (COA) require special attention.

The COA depicted in Figure 31 was presented in a paper by Reddy

{34] and represents a magnitude compensated COA.

s
/

|
Y

- Flaure 31



It has an infinite input impedance and as can be seen the

impedance ratio gg79g sets the overail. gain.

If now gg and gg are ignored a circuit as shown in Figure 32

emerges.
Go
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Flgure 32

Comparing this COA with that of Figure 17 it can readily be seen
that it is the C20A-2 type COA also derived by Mikhael and

Nessim [2].

The next COA of Figure 33, which is due to Huertas and

Rodriguez-Vazquez [24], is magnitude compensated.
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Figure 33

It exhibits infinite input impedance with maximum bandwidth, low

phase error and was also studied in a paper by Geiger [14].

Another COA by Geiger [H'], depicted in Figure 34 is again a

magnitude compensated COA.

Geiger assume$ that the active element can be modelled with a
gain function of

~A(s) = GB/s = Vsy
where sp is the normalised complex frequency as used by Budak

and . Petrela [36].
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Flgure 24

1t will later be shown that this assumption does not

sufficiently and fully characterise the OA,

Geiger uses 63 and 'Ga to set the overall gain and G4 and
Gg to determine the desired bandwidth. If the gain setting
resistor pair G3 and Gp is-ignored the circuit reduces to

that of Figure 35.

Now, comparing this COA with the one of Ffigure 16 it can readiy
be seen that this is equivalent to the CZ0A-1 type derived by

Mikhael and Nessim [2]._
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Soliman in his paper [15] makes ﬁse of .vthe COA due to Geiger
[14]. By a suitable choice of the resistors, he corrects for the
phase error found to be an inher‘entv disadvantage in Geiger’s
design when applied to a maximally flat magnitude realisation.
in the paper by Soliman and Ismail [{32]. a novel active
compensation method is proposed , realising a novel COA
containing two resistive components, Figure 12. This circuit is
basically equivalent to the COA given in Figure 35. A single
pole model describing the individual cperational amplifiers (QA)
is used by the authors for‘. the evaluation of the COA

characteristic behaviour.
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Natarajan and Bhattacharyya [16] in their paper present the COAs
shown in Figures 9 and 10. Both are actively compensated and |
yield low phase errors for relatively low frequency operation.

However, here too, the evaluation of the characteristics of the

COA were derived using the single pole model.

A number of circuits where COAs comprising three OAs have been
shown. Examples in particular are due to Natarajan and
Bhattacharyya [18] Figures 14 and 15; Geiger and Budak [12]

Figures 20 and 21 and Mikhael and Nessim [4] Figures 23 to 26.

All these circuits make use of active compensation to yield a
COA made up of three OAs. Generally these COAs are fairly
insensitive to first- and second-order effects of the finite

gain bandwidth of the individual OAs.

Figures 27 to 30 are circuits by Mikhael and Nessim [4] where
four OAs have been used to realise COAs relatively insensitive
to first-, second- and third-order effects of the individual QAs

finite gain bandwidth.

OAs, .as well as COAs, find applications in active RC filters,
instrumentation, oscillators and inductance simuiation. A review
of all availabie literature indicates that Ilittle research has

been done into stability of COAs.
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Campbell and Stephenson {1] reported on investigations into the
possibilities of employing CCAs to extend the high frequency
performance of conventional RC active filters. However the

studies were fairly inconclusive.

The authors found inconsistencies between theoretical
predictions and experimental results. This was particularly
evident with regard to stability and expected improvements in
'gain bandwidth products. The major problem was found to lie with
the best choice of a, the gain bandwidth determining re;istor
ratio, or th-e degree .of compensation. For some choices of a
instability of the network resulted. The circuit used by
Campbell and Stephenson [1] was a Sallen and Key positive gain
bandpass str‘ubtur‘e. when a high Q was chosen the experimental
value of a to achieve stability was markedly different from that

of the theoretical prediction.

iIn the following an' attempt will be made to identify the
shbrtcomings which have beset investigations of stability and
their previous prediction so far. The practical resuits obt.ained
by Campbell and Stephenson [.1] will therefore serve as a

guideline.
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CHAPTER 3

THE COMPOSITE OPERATIONAL AMPLIFIER

In order to evaluate the stability of a composite operational
amplifier (COA) it is necessary to define the active .elements

which constitute the COA, namely the operational ampliﬁers‘

(0A).

The Operational Amplifier

Considering an ideal OA the characteristics are summarised as

follows -
voltage gain : A = ® ;
input impedance : Rip = o ;
output impedance : Rgyt = O ; and

bandwidth . BW = .

This OA can be configured as a non-inverting device by the

addition of passive components as shown below.

I @\’}/

R
b |
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The ideal transfer function (TF) then becomes,
VoV = (Rp*R2)7Rq = K.

However, evaluation of the stability of an OA requires a closer
look at the non-ideal characteristics of the OA. As a good
approximation the input and output impedance may stiil be
considered as ideal, thever‘ the gain bandwidth, w4, the
voitage gain, A, are now finite and must be modelled taking inte

account first and higher terms.

A :ﬁethod of determining wy, the gain bandwidth is outlined in
Appendix I. The value of wy as found by Campbell and

Stephenson [1] has been used in this investigation. This allows
for a fair comparison of theoretical and experimental results to

be carried out.

As was shown above many previous studies have used the single

pole model of the individual OAs in the COA.

Consider the singie pole model transfer, function of the OA as

put forward by Millman [37],

A(S) = Agwy/(S+wq) L1y,
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where Agwq, the gain bandwidth, is “’t-.
For the single. pole model of the OA the gain fuhction (GF) is,
A(s) = wy/(s+wq) : , ... f2d.

The two pole model (DP) gain function of the OA as proposed by

Miliman [37] s,

A(s) = wywa/((s+wq)(s+wp)) ... 133,
where w¢, the gain bandwidth, is Agws.
Expanding this gain function vyields,

A(s) = we(1-s7wp)7s,

where it is assumed that (1-s7wp) tends to 1 as wp >» wy

yielding the simplified form of the single pole model gain

function of the O0A,
A(s) = wt’s N R
The three poie model (TP) of the OA due to Millman [37] is,

A(s) = Aguiwawz/((sswi)(s+wa)(s+w3)),
i5}
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where Agqwy = wy, the gain bandwidth.
The gain function of the OA for the three pole model now is,
A(s) = wiwpw3z/((s+wy)(s+wp)(s+w3y)) ...16%.

These various models of the QA will be evaluated in order to

determine the stability of the COAs.

The Sallen and Key Pasitive Gain Bandpass Network

The network used to study the stability of the COA filter is

derived from the Sallen and Key circuit shaown.

N7
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Assuming the OA to be ideal and employing signal flow graph {42]
analysis, the network transfer function for the closed loop

configuration is obtained.

Thus with A(s) = K = (Yo+Y3)/Y3 the network transfer

function becomes,

VO/Vi = (Y1Y6K e Y22Y33) s (1 -

Yeg/(Y22Y33) * YYeK/(Y22Y33))
where Yoo = 2(Yq+Yg) and Y33 = Y72 + Yg.

1

Rationalisation yields,

Vo/vi = Y1Y6 Ve (1/}((\(12 + 3YqYg + Y6e) -

YYg) ‘ | AT,

where Yy is 2 resistor and Yg 8 capacitor.
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As is now evident the above equation can be used to realise a

second order bandpass function,
Vo7V = Hs/(s2+swy/Q+wq2) ... 183,
where H = K/(R1Cq) , wg = 17(R4Cy) and Q = 17(3-K).

The open loop transfer function may be derived from a

configuration given below.

3 L1 ]
214+

The corresponding signal flow graph is as shown.

—0
'
0
!
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As before, A(s) = K = (Yp+Y3)/Y¥3, so that the network

transfer function becomes,

Voo Vi = (Y1YgK/(Y33Y44)) 7 (1 - Yg2 7

(Y33Y44)),
where Y33 = 2(Y4+Yg) and Y44 = Y.
Rationailisation then yields,
VorV| = Y47 (17K(2Y4+Yg)) ... 893,

The Composite Operational Amplifier

iIn the paper by Mikhael and Nessim '[-1] four COAs are discussed.
These COAs are depicted below and identified as M1, M2, M3 and
M4 referring to the same order which was chosen by Campbell and

Stephenson ([1].
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In the above Figures Yg = Y4/Q.
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Campbell and Stephenson {1} studied the M2 and M4 COAs and found
that especially the results for the M2 COA correlated poorly
with theoretically predicted results. For this ' reason a closer

look at the Me COA case will be taken here.

The Composite Operational Amplifier Gain Function

Application of constrained nbdal admittance .ma‘tr‘ix analysis
{40,411 ( Appendix Il ) allows for the evaluation of the gain
function of the ( C20A-2 ) M2 COA as shown where the gain

determining impedance pair Y, and Y3 is included.

O+
v, 1\ \
- Y,
1%
— —
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The constrained nodal admittance matrix is thus given by,

1 2 3 4 5
1 Q Q Q Q Q
2 Q Y +Y =Y Q Q

e 3 3
3 Q -Y Y +Y +Y AY <Y =AY
3 3 5 33 2 33 5 2 33
4 Q 0 ~Y Y +Y 0
5 4 5
2 -AY AY Q Q ' Y
1 55 1 55 S5

Using pivotal condensation techniques [40,41] the above

constrained admittance matrix can be reduced.

1 2 3 4
1 0 0 0 0
2 0 Y +Y -Y 0]
e 3 3
3 -AAY AAY =Y Y +Y +Y AY -Y
1-2 33 1 233 3 3 5 33 2 33 5
4 o) 0 =Y Y +Y

?

with the key' terms of this matrix derived with certain

assumptions made which are detailed as foliows;

Y31 = -A1ApY33Y557Ysg
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dividing both numerator and denominator by Ygg vyields,

"

Y39 -AqApY33, and

Y32 = -Y3 + A4ApY33Ygg 7 Yoo,

" Further division of both numerator and denominator of the second

term by Ygg then yields,

Y32 = -Y3 + A4ApY33.

A further reduction step leads to a 3x3 matrix from which

1 2 3
1 0 0 0
2 0 Y_+Y ~-Y
2 3 3
3 -AAY AAY -Y Y +Y _+Y_  +Y (A Y_ =Y )/(Y +Y )
1 2 33 1233 3 3 5 33 5 233 5 4 5

the 'vonage transfer function emerges as,

Yo7V = -Y¥317Y33.

Here Y34 and Y33 are the cofactors of the constr‘alned nhodal

admittance  matrix.
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As only Y37 and Y33 terms are required and therefore a

partial condensation of the {[3x3] matrix wil be sufficient,

Y31 = “AAaY33
and
Y33 = Y3+Y5+Y33+Y5(A2Y33-Ys)/(Yq-O-YS)

+ Y3(A1A2Y33-Y3)/(Y2+Y3).

Dividing both Y34 and Y33 through by the Y33 term yields

Y31 = ~AA2

and
Y33 =1 + ABYS / (Y,q + Ys) + A1A2Y3 7/
(Ya + Y3).

The gain function is therefore

AAY3 7 (Y2 + Y3).

Substituting for Yg/(Y4+Yg) = 17(1+a) and

Y3/(Y2+Y3) = 17K vyields,
GFM2 = Aqp2 7 (1 + Aa/(1+0) + A1A2/K) ...1101.

Dividing both numerator and denominator by A4Ap yields the

Nnow
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gain function (GF) for the M2 COA,
GFM2 = 1 7 (17(A4A2) + 17(Aq(1+q)) + 17K).
AsSsuming now Aq = Ap = A which means that the two OAs show
identical performance and possibly being in the same chip the
transfer function reduces to

GFM2 = 1 7 (17A2 + 17(A(1+a)) + 17K) o113,

The Single Pole Model

For the single pole model of the QA the amplitude function is

chosen to be of the form

A(s) = wy”/s.
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Substituting A(s) into GFM2 the gain function for the M2 COA is
obtained. As can be seen the modified transfer function
increases by an order of two, one for each amplifier, so that
the single pole model is now superimposed on that of the second

order network function.

GFM2SP = 1/((s7w¢)2 + (s/(wg(1+a@)) + 17K) ...{123.

The Two Pole Model

For the two pole model a second order function is expected.
A(S) = wiwp/((s+wq)(s+wp)).

when including this model in the gain function for the M2 COA
the transfer function for the COA alone is now a fourth order

function.

6FM2DP = 1 7 i(s? + s32(wyrwp) + 1133
| s2(Ruqwa+(Wytwp)?) +  S2uqwa(wi+a) +
Wtwod)/(witwp?) + (S22 + s(wyrwp) +

Wwa)/(wewp(1+a)) -+ 17K},

The Three Pole Model

Now "FOP the three pole modeil the galnh function is of the third

order.

A(B) = Wewawz/((s+wq)(S+wp)(5+w3)).
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Thus for the M2 COA the gain function yields a sixth order

expression.

GFM2TP = 1 7 {(s8 + s (wqrworwg) + co. 8143
sdR(wiwprwiwz+wow3) + (Wyrworw3)2) +
$32((Wq+Wa+W3)(W W +W W3+ WoW3)  +

wiwaw3) + s2(E(wiwawz(wirwarwy) +
(Wqwo+twiwz+wow3)2) +

S2wqwawa(Wiwo+wW3+Wowy) + .

Wi2Wow32)/ (Wedwolw3d) + (s3 +

s{wyrwo+w3) + S(WWa+WW3+WoW3) +

w1w2w3) ./ ((1*’0)(91:(02(03) + 17K3i.

The three gain function expressions are derived for COAsS
composed of two OAs may now be substituted into the second order
transfer function for the Saillen and Key bandpass filter (SKB)

to give the complete transfer function for the network.

Whenv studying the stability of filter circuits using COAs it is
useful to consider the application of different stability
criteria. It is therefore necessary to lhave available both the
closed loop (CL) and open ioop (OL) transfer function

expressions.



S7

The Closed Loop Transfer Function

The Single Pole Model

Substituting GFM2SP {12} into the SKB closed loop transfer

function {7%,

VorVi = Yi¥g 7 (17K(Y2 + 3Yy¥g + Yg?) -

Y4

where GFM2SP K, Yy = Ry and Yg = sCy of the SKB

yields the SKB closed loop transfer function for M2.'

SKBCLTFM2SP = s/8%(R{C17we?) .. §15%
+ 33(3/(9,(2 + RiC47/(wi(1r)) -
52(1/(0)tR1C1) + 3/((01:(1*(1)) + R1C1/K) +

5(1/(wt(1+<1)R1C1) + 37K - 1) + 1/(KR1C1)}.

The Two Pole Model

Similarily by substituting GFM2DP = K {133}, Yy = 1/R4 and
Yg = sCy into expression {7}, the SKB closed loop transfer

function for M2 is. obtained.
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SKBCLTFM2DP = s5-{s8(RyC1/(w{2wp?))  ...{16}
+ 8337 (wiRwad) ¢

2(Wtw2IRCy/ (WeRWp2)) +
54(1/(w12(;b'a-’-R1C1) + 6(wqrwp) (WeZwp?) »
(Fuqwa r(Wrw2)2)R4C 1 (We2wo2) +
R1C17((1+@)wqwp))) +
$3(2(wqrw3) 7 (Wy2waiRCy) + 3(Rwqwp +
(Wr02)2) 7 (WBwa?) +

2wqwa(W rwa)R1Cy (we2wp2)
37((1radwez) + (Wqrwa)IR1C7((1+WIwewp))
+ S2((2wywa+(WytWp)2) 7 (We2Wp2RC)  +
bwiwp(W rwp) (WeBwpo2) +
WiRwaR1C 7 (WePwa?) -+

17((1+ Q)W WaR(C) + (W1+wp) 7 ((1+A)W o)
+ WqWaRCH ((1+A)wwa) + RyGy7K) ¢
5(20qWa(W1rWp) 7 (W 2WaERC)  +
3wdwpe/(weZwp?) +
(wyrwp)7((1+ralwewpR4Cy)

3wwa/ ((1radwwp) + 37K - 1) +

WdWwad/ (W12Wa2R4Cy)  +

W10)2/_((1"<X)wt0)2R1C1) + 17(KR4Cq)3.
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The Three Pole Model

Incorporating the model requires substituting of GFM2TP = K
143, Y4 = 1/Rq and Yg = sCq into the SKB closed loop
transfer function {73. The expression is now an eighth order

function which obviously becomes difficult to handle.

SKBCLTFM2TP = s/is8(RiCy/(wewp2w32)) ..i17}
+‘s7(3/(wt2w22w32) +
2(wy+wpo+w3)R1C17 (welwpo2w32)) +
s6(1/(w12wp2w32R1Cy) +
b(wyrtwo+w3)/ (Widwalwg?) +
(Clwqwotw watwowsy) +
(wqtwp+w3)2)R4Cy/(w 2wp2w32)) +
$3(2(wyrwa+w3)/ (W12W22wW3ZR1Cy)  +
3(2(wqwo+w w3z+wow3) +
(Werwo+w3)2)/(W2wp2w3d) +
2((wtwo+w3)(WWo+wqw3+Wowz)  +
WWow3)R1C1/(wi2wpa2wa2)  +
RiC17((1+a)wiwow3)) +
sf@e(wuwprwiwzrwowg) +
(0grwa+w3)2)/(wiwa2w32RqCq)  +
6((wytwo+rw3)(WiworwW3+wWow3) +
Wwow3) (Wwitwpdwz2) +
(2w1w2w3(w1;w2+u3) +

(0qwa+wWw3+waw3)2)R1Cy / (Wtwaiwz?)
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+ 37((1+Q)wwpz) ¢
(W1+Wa+W3IRIC7 ((1+ Q)W waw3)) +
$3(2((WerWo+W3)(WWa W3+ Waw3) +
w1waw3)/(mzw3w3m1c1) +
(2wqwowz(Wwitworw3) +
(WWp+WW3tWaw3)2)3/ (WrBwp2wag2) +
2WWwawa(WWorWiw3+WawW3)R1Cy
7(WedwaRw3d) +  17((1+Q)Wiwaw3R Gy +
wyrworwz) 7 ((+A)wwowz)
(WqW2+W 103+ W20 3)R1CY

((1r)wewpw3z)) + S2((2wqwawz(wirworw3)
+ (Wwprtw 3 twowW3)2)
7(WeBwp?w3z2R9Cy)  +

6w WoW3(W W +W W3+t WaW3)
7(WeRwalwge) -

Wwp2w32R1C1/ (W12wpo2w32) fl‘

(W1t W2+w3)7((1+A)W1®a03R1C) +

(W Worw W3t waw3) ((1+a)wwows) +
W1WpwW3RIC7 ((1+A)WqWwaw3) + RyCy7K) +
S(2WWaw3(WWaTWIW3+WaW3)
7(Wiwo?w32R9Cy)  +

W2Wowa/ (Wewpwg?) +
(w1w3+w1w3+waw3)/‘((1+q)ut‘uaw3R1C1)
+ 3wqwawz/((1+a)wiwowg) + 34K - 1) «+
WiBWo2Ww32/ (WBWa2w32RC)  +
WqWwawa/((1+A)Wwow3aR4Cy) +

17(KR1C1)3.
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The Open Loop Transfer Function

The Singie Pole Mode|

S,ubs*tituting the gain function GFM2SP §12% into the SKB open

foop - transfer function {93,
Vo/Vi s Y1/(1/K(2Y1+Y6)),

where GFM2SP = K , Yy = 1/Rq and Yg = sCyq yields the SKB

open {oop transfer functi‘on for M2 which is a third order

function.
SKBOLTFM2SP = 1/{53(R1C1/(w12)) S ...{183

s S2R7(wd) ¢ RGA(AIWY)) + s(27((1+a)we)

+ RiC47K) + 2/K3.

The Two Pole Model

-

Again substituting GFM2DP = K {133, Yy = /Ry and Yg =
sCq into expression {9} yields the SKB open tloop transfer

function for M2, which is seen to be a fifth order function.
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SKBOLTFM2TP = 17i87(RyC1/ (w12wa2w32))
+ sB(2r(wizwawg?) ¢
2(Wyrwarw3)R1C1 (W Pwaiwz?)) -+
55(4(w1+w3*w3)/(wtzwaew;;?) +
(Cwiwprwwzrwow3z) +
(Wyrwarw3)2)RCy7(Wetwa2w3a?)) +
st22(wwzrowzrozuz) |
(Wqrworw3)2) 7/ (We2wpawa2) +
2((W1rWatW3N(WWa+W W3t WaW3) +
W1WaW3)R1C1/(We2Wp2wa2) +
R1C17((1+ Q)W qwaw3)) +
183(4((w1+w3w3)(w.1w3w1w3+waw3) +
W1Waw3)/ (Weiwatwa?)  +
(Cwiwpwz(wytworwgz)

(Wwp+t W3 +WaW3)2IR1Cy/ (W 2Wa2W32)
s 2/(0+)WpWaw3g) +
RiCi(Wyrwatw3)/ ((1+A)WiWaw3)) +
- 82(2(2wqwowa(Wirworw3z) +
(Wqwarlw3Twaw3)2) (Wytwa2wg?)  +
2Wqwawa(W W+ W W3t Wak3)R4Cy
/(We2wolwg?)  +

2wy rwarW3)/((1+Q)WiWaw3) +
(WWatW W3 +WoW3)R1CY7 ((1+A)W W ow3))
+ 5(4WqWawa(W Wt W W3tWaW3)
7(Wedwa2wa) ¢
w12w22w32R1C1/(wt2m22w32) +

2w+ w3arwaw3)/ ((1+A)wtwpwa) +

{20}
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Wwaw3RCy/((T+wiwowsz) + R4C47K) +
2wilwoiwad/ (wedwolwg2) +

2wiwoway/ ((1+a)wiwowy) + 27K3.

The above functions wiil later be empioved to study the

of stability in COAs.

question
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CHAPTER 4

COMPOSITE OPERATIONAL AMPLIFIER STABILITY INVESTIGATIONS

One of the classic methods, while being relatively simpie, is
the Routh Criterion ( Appendix (il ), For its successful

application certain conditions must be met [38].
Using this analysis it is possible to establish a point at which
the system will become unstabie. However this method does not

give an indication of the margin of stability.

Routh Criterion Anaiysis

For the M2 composite operational amplifier (COA) used in a
Sallen and Key bandpass network (SKB) the characteristic

equation derived from SKBCLTFM2SP {15} is

s4RiC17wEd) + 83(37/we2 +
R1C1/(ut(1+q))) + s2(1/(w¢R4Cqy) =
37(we(1+a)) + R4C47K) + s(1/(w¢(1+a)R4Cqy) +

37K - 1) + 17(KR4Cy).
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The Routh Criterion matrix here is

a a_  a
1 2 o
a_ a
3 1
b b
12
c
1
d
3

Where a4 = RyCq/w4?
az = 3/we? + R4Cy/(wy(1+a))
ap = 1/(wgR4Cq) + 37(wye(1+a)) + R4Cy7K
ai = 1/(wg(1+a)R4Cq) + 37K - 1

ag = 1/(KR4Cy)

by = (azaz-a4qaq)”a3z

ba = ao
¢4 = (bay-azbz)/by
dy = bp.

Using the component values shown in Table 1, Chapter 5, the
above equations are evaluated for a = 1. This computation
results in a set of values for the coefficients of the Routh

Criterion Matrix.



ag, = 5,7E-19
a3 = 2,5E-12
aé = 2,7E-3
ay = 2,2E-1
a, = 9,5£3
by = é,TE—3
b, = 9,5E3
cy = 2,2é-1
dy = 9,5£3

Where the numbers are represented in scientific notation.
Arranging these coefficients into the form shown below vyields
the Routh Criterion Matrix depicted in- Table 2 of Chapter 5 for
'a:t |

5,7TE-19 2,7TE-3 9,5E3

2,5E-12 2,2E-1

2,7€-3 9,5E3

2,26-1

9,5E3

Inspection of the. coefficients a4 ap and a3z on page 66

reveals that the network is stable for (a+1)»>0 and for this. the
two conditions for stability are satisfied (see Appendix ).
waever‘ it is necessary to exclude the range -1#ka<0 from
consideration as this would vyield a networkK containing negative
components. Now «a represents a resistor ratio which d_irectly-
relates to the bandwidth improvement factor of the COA. As such
improvement would mean that oo and consequently values of O<ogl
are undesireable. To demonstrate the principle involved a value

of a={ has been chosen for the case study,.
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The characteristic equation for SKBCLTFMZDP {163} is,

s6(R1C17(W12wp2)) + 85(37/(wi2wp?) +
2(Wy*wp)R C1/ (W12Wpa2)) +

417 (w42wa2RICY)  + 6(Wytw)/ (W wp?) +
(2w1wé+(w1+w3)2)R1C1/(w12w22) +
Ric1/((1+<x)wtwé))) +
$3(R(w1+wp)/(W12Wa2R1Cy) + 3(Rwiwp +
(witwp)2) (widwp2) +

2wqwa(wyrwa)R1C1/ (wi2wpo?) +
37((1+@)wewp) + (wg+wo)R4Cy7({(1+a)wiwo))
+ s((Bwqwo+r(wi+wo)2) (wt2wp2R4Cq) +
6wwo(wi+wa)/ (we2wod) +

w12Wo2R4Cq7 (W2wp2) +

17((1+a)wiwaR1Cy) + 3(wq+wa)7((1+a)wrw)
+ WqwoR{C/((1+A)wiwa) + RyCy7K) +
s(2w1ma(w1+w2)/(wtzwazR1C1l)‘ -

3w/ (We2wp2)  +
(wyrwa)/7((1+a)wiwoR4Cy) -+
3wqwa/((1+a)wqwp) + 37K - 1) +

wiwo2/ (wy2wp2R4Cy)  +

wywp/ ()W wpaR1Cq) + 17(KR4Cy).
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The Routh Criterion matrix for the iwo pole model is

a a a a3
6 4 2 0
3 a a
) 3 1
b b b
1 2 3
(o] o
1 2
d d
1 2
e
1
f
1
Where ag = R4Cy7(welwad)
'85 = 3/(0)t3(922) + E(W-‘*WE)R-‘C-‘/(WTZWEE)

H

aq 17(We2Wa2RYCY) + 6(Werwp) (wedwa?2)
+ (2wqWor(Wqrw2)2IR4C1 (weBwo2) +
R1C17((1+a)wyw2)

a3 = 2(Wyrwp) (W2wa2RCy) + 3(2wqwp +
(wqrw2)2) (weBwad) ¢+

2Wwa(Wirwp)R4Cy (We2wpa2) +

37((1rA)Wew2) + (Wrw2)R4C 7 ((1+A)wrw2)
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8z = (Ruwar(Wyrwa)2) (Wi2wpeR4Cy)  +

6w wp(wirwa) (Wetwa?)  +
We2W22ZR4C 7 (We2Wwa2) +

17((1radwewaR4C)  + 3(wyrw )/ ((1rA)wewa)
+ WwaRC7((1rA)wiwa) + RyCy7K |
a1 = 2wwo(wyrwp) (Wwi2wo2R¢Gy) +
JwEwo/ (We2wp?) +

(W+W2)7 ((1+@)W{WoR4Cy) +
Jwqwa s ((1radwwa) + 37K - 1

8g = WRWRR (WRWaRRICY)

Wwa  ((Ira)wiwoR4Cy)  + 17(KR4Cq)

by = (8584-8ga3) a5

bz = (8582-8439) 85

D3 = 49
¢y = (byaz-a85b2)~by
¢2 = (bya4-asb3) b4
dy = (C4ba-D4C2) Cy
dz = D3
ey = (04cp-02C1)~ 0y
f1 = da
Inspection of the coefficlents of the matrix

evident that the system is not stable for all Q.

it

IS



71

The characteristic equation for SKCLTFM2TP {173 for the three

pole modei IS

35(R1C1/(w12w33u32)) +
sT(3/(witwatw3z?) +
2(wyrwortW3)R1C17 (W PWwp2Ww32)) »
s8(17(wy2wa2w32R1CY)  +
6(Wytwotw3) (WyBwp2wa2)
(2(WqWarwiw3+WaW3) .*
(W1r02+3)2)R1C1/ (W1ZWa7032))
55(2(w1+u3+w3)/(ut2w22w33R1c1) +
3(2(wqwarw W rwowg) +
(Wrwprw3)2) (Weiwp2was) +
2((WyrWo w3 (W W rW W rWoW3)
WiWaW3)RCr (Wytwalug?)  +
RiC17((1+a)wywawgz)) +
s(R(wwarwiwzrwowg) +

(Wt +W3)2) 7 (W12Wp2W32RCy)  +
S((Wytworw3z)(WyWarWyWgrWag) +
Wwaw3) (WiZwatwa?) -
(Ruywawz(wirwarwz) +

(WqWar W W3rWaWw3)2IRGy (W 2Wa2w32)
+ 37((radwpwpwg) +
(W4r@wp*W3IR1C4/ ((1+a)wqWaw3)) +
$3(2((w1+Wa+w3)(WWa W W3+ Waw3) +
Wwpw3)/ (W12wa2w32R4G)  +

(2wywawa(witwarwg) +
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(wqwp+ww3+wWow3)R1C 7/ ((T+ra)wiwawy))
+ 2wi2wp2w32/(Welwplwa?)  +
cwqwawz/((1+a)wiwowsz) + 27K) +
J-0T(R1C17 (w2wp2w3?)) +
WI(A(Wyrwarw3) (W12waZwa?)  +
(2(wiwo+wwa+wowy) +
(W1+wp+w3)2)R1Cy7 (WtRwa2w3d)) -
w3(A((W1rW+W3)(WWR+W W3+ W W3)  +
Wwow3) (welwo2wz2)  +
(Rwqwowz(witwotwsz) +

(W2 +w W3+waw3)2)R1C17 (WZWa2w32)
+ 27((1+a)wewWpow3)) ‘+»
R1C1(W1+wa+w3) 7 ((1+@)Wtwow3)) +
Wlwwaw3(W W +W W3 +Wo W 3)
7(wedwodwgd)  +
w2wo2w32RC 1/ (welwp2wg?) +
2(wwa+ww3+wow3) ((+Q)wiwowsg) +

Wwaw3R1Cy/ ((1+a)wiwows) + R4C47K)3.

Also here the Nyquist Diagram is obtained so that the stability

behaviour can be determined.

All results from these stability evaluations are tabulated and

discussed in the next chapter.
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CHAPTER S

STABILITY OF COMPOSITE OPERATIONAL AMPLIFIERS

in a publication by Mikhaeli and Nessim [4] composite operational
amplifiers (COA) made up of three or four conventional |
operational amplifiers (OA) were presented. in a publication by
Natarajan and Bhattacharyya [18] reference is made to
Natarajan’s Ph.D. thesis where a study o¢f reiative stability and
expected bandwidth improvement was made which revealed that it

was not worth going beyond the three OA COA.

Although techniques presented here are applicable to COAs
containing three and four OAs it was found that the mathematical

complexity did not warrant the analysis of such COAs.

To be able to compare stability resuits the component values
derived by Campbell and Stephenson [1] are also used for the
circuits under investigation in this dissertation.'A summary is

presented in Table 1.
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Q fo kHz R2 KR 'R3 KR 01 nfF K

1,835 3,717 4,66 6,78 4,32 2,455

1,835 11,044 4,66 6,78 1,454 2,455

8,3 3,717 4,98 9,36 4,32 2,879

8,3 11,044 4,98 9,36 1,454 2,879

Table 1

where K = (R3/Rp + 1) .G = 1/(3 - K) Ry = 9,916 KQ ,
Rg = 10 KQ and Rg = al0 K
It is important to note that the following assumptions have been
made ;

&)) wp = 2wy,

(2) w3z = 4wy; and

(3) Ay = Ap A. (valid for equivalent and matched

amplifiers)

These assumptions are based on preliminary experimental work
carried out on COAs the author. Operational amplifier data
sheets do not wusually provide second and higher pole frequencies
and these must therefore be estimated, or: measured. Campbell and
Stephenson [1] suggest wp to be in the range (2 to 3wy, It
was found that for the approximations, chosen above, good
agreement experimental results was obtained.

with



82

" Assuming that the OAs are weli matched the M1 and M2 COAs ér‘e in
fact seen. to be identical. For this reason the derivation and
results associated with the M1 case have not been presented and
it is understood that the results relating to the M2 apply

equally to the M1 COA.

The various transfer functions for the M3 and M4 COAs are
presented in Appendix IV and are derived in the same way as

those of the Me .COA.

Theltabulated results which follow were obtained using a
spreadsheet program on an I[BM-compatible PC with a numerical
data processor installed. The spreadsheet’s number crunching and
grap'hics capabilities makes it possible to manipulate the
various component values as well as a. This way it is possible
to determine the boundary value for a for which instability

occurs in the network.

The . resuits shown in Table 2 are for the M2 COA, using a single
poile OA model and applving the Routh Criterion analysis method

shown in Chapter 4 page 65 - 67.

The value of a is varied between 1 and 1000000 for this
computation. The upper limit has been taken as 1000000 due to
the undesirable component spread, for larger vaiues of 4, when

use Is made of thin-film reailsations.



83

Qa Routh Criterion Matrix

1 5, TE-19 e, 7e-3 9, 5E3
2, SE-12 e, ek-1

e, 71E-3 9, 5E3

2, ek-1

9, 5E3

10 5,7E-19 2, 7€-3 9, 5E3
4,9E-13 2, 2E-1

2, 7E-3 9, 5E3

2, 2E-1

9, 5E3

100 S, 7TE-19 e, 7e-3 9, 5&3
8,9t-14 e, ek-1

2, 7Te-3 9, SE3

e, ek-1

9, SE3

10000 5, 'E-19 e, 7e-3  9,5E3
' 4, 1E-14 2, 2e-1

e, 7TE-3 9, S5E3

e, eE-1

9,5E3

100000 5, 7e-19 2,7E-3  9,5E3
4, OE-14 2, ek-1

e, 7Te-3 9, 5E3

2, eE-1

9, SE3

1000000 | S,7E-19 2,7e-3 9, 5E3
4,0E-14 2, ek=-1

e, 7E-3 9, 5€3

2. 2E’1

9, S5E3

Table 2

AS can be seen, for the chosen values of @, the network Is

stable.
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The Routh Criterion resuits obtained for the M2 COA for a two

pole model are given in Table 3.

Here the computations have been done for three values of a which

bracket circuit.

the marginally stable

S a Routh Criterion Matrix

1.7 1,9E-33 6, 8BE-19 1, TE-S 9, 5E3
6, 6E-26 1,9E-1¢2 2, 2E-1
6, 3E-19 1, 7E~5 9, S5E3
2,9E-14 2, cE-1
1. 2E-5 9, S5E3
2, cE-1
9, S5E3

1, 72865 1,9E-33 6, BE-19 1. TE-S 9, 5E3
6, 6E-26 1,9E-12 2, 2E-1
6, 3E-19 1, 7TE-5 9, 5E3
8,0E-15 2, 2E-1
4, 6E-8 9, 5E3
2, 2E~-1
9, 5E3

1,8 1,9E-33 6, 8E-19 1, 7E-5 9, 5E3
6, 6E-26 1,9E-12 2, 2E-1
6, 3E-19 1, TE-S 9, 5E3
-4, 2E-14 2, 2E-1 '
2, OE-5 9, 5E3
2. EE"" )
9, 5E3

Table 3

. From Table 3 It can pe seen that the transition from a stable to
an unstable circuit occurs for a smaill change N 4 Thus for a
stable circult the choice of a must be made such that a

reasonable margin of error (s allowed for.
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(WWa W3+ Wow3)2)3 7 (We2Wp2w32) +
2WWoW3(WWarwW a3+ W oW 3)R4Cy
/(Wewolw32) + 17((1+)WWwow3RYCy)  +
3(wyrwotwz) ((rAdwiwawg)
(w1w3+w1w3+w3‘w3)R1C1

(1 )weWaw3)) +  SE((2wywowz(Wirwa+w3)
v (larwyzreaw3)?)
7(We2wo2w32RCy)  +

6w W W3(WyWp+tW W3+ WaW3)
7(WeBWo2w32) ¢
W12Wo2W3eRC1 (W2 Wo2Ww32) +
(Wyrtwprw3z) ((1ra)wwow3R4Cy) ¢
3(WWotwqw3a+Waw3) ((Trd)wiwowg) +
WWoWw3RC1 ((1+AIWWaw3) + RyCy7K) +
S(2wWoWa(W Wa W3+ WaW3)
7(We2wo2w32RCy)  +

Witwalwz? (Wewalwz?) +

(W +WWw3+Waw3)  ((1+rA)wewaw3R1Cy)
+ 3WWowa ((1+A)wewowz) + 37K - 15 +
“12“2“’3“(“’t""*’aWazRNﬂ *

W1W2W3/((1*G)wtwew3R1C1) + 17 (KRqGy).
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The Routh Criter‘lpn matrix now becomes,

c ¢ ¢
1 e 3
d d d
1 2 3
e e
1 2
f f
1 2
9
1
n
1
where ag = R4Cy7(wi2waiwz?)

a7 = 3/(Widwa2w3?) +
2(Wyrwo+rw3)R1Cy /(We2wa2w32)
ag = 17(w?wa2w3RCy) -
B(Wyrwarg)  (Wewolwg?) v
(Clwwo+rwWarwowg) +

cw1’ME*UB)B)R101/(wt3w22w32)
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ag = 2(Wtwprw3) (We2Wa2w32RCy) +
IR (W WarW W3 TWawW3) +
(Wyrw2+W3)2) 7 (We2Wp2w3E) +
2((wyrworwal(WiWworWiwgzrwWowz) +
WeWpwW3)R1C/ (Wetwa2wa2)
R1C17((1+Q)WwWaw3)

a4 = (ClwWprwiw3zrtwoWz) +
(Wyrwprw3)2)/ (We2wp2wW32R4CY) +
6((wqrworw3)(WWartW W3 twWwowW3) =
WWaw3) (WewpZwgd) +
(Zwqwowz(wyrwprwl) +
(WwarwqWw3rtWaw3)2)R1C1 (We2wa2w3?)
+ 37((1rQ)wwowz) +
(w1+w3+w3)R1C1?((1+<x)wtw3w3)

az = 2((w1+w3+w3)(w1w3+‘w1w3+waw3) M
WWaW3)/ (W12Wp2wW32RCY)  +
(Rwgwowa(wirwarwz) +
(WqWwotwWw3rWaw3)2)3 (W 2wa2w32) +
2w WaW3(W W+ W W3 +tWaW3)R1Cy
7(Wedwatw32) + 1/((1+0)wewaw3RCy)  +
3{wyrwarw3) ((1rA)wiwowz) +

(w1u2+w1w3+w2w3)R1C1 ()W waw3)
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ap = (2wwpowa(Wyrworwz) +

(WUt W W3 +Waw3)2) (W 2Wa2W3ER1Cq)
+ 6WWow3(WiWarwiW3tWalg) |
/’(w.tzmaZwaE) +

W2Wo2w32R1C1/ (WeBWa2wa2) +
(wyrwarw3)/((1+QIwwaw3zR4Cy)  +
3wiwarwqwzrwaw3) ((1rd)wiwawy) +
WWaW3RC7((1+A)WWaw3a) + RyG47K
a1 = 20qWaw3(W W W3 TWaW3)
/(wt2m22w32R1C1) +

wiwotwzd/ (Welwpwg?) +

(WWo+ W W3+oW3) - ((1+A)WWwaw3R1Cq)
+ 3wqwawa/((1+@wwawg) + 37K - 1
8p = WiBWptwze (WiiWaiw3RyCy) ¢

WqWowa/((1+A)wWow3R1Gy) +  17(KR4Cy)

by = (a873¢-8gas)7ay
bz = (a784-8ga3)”ay
b3z = (ayap-agaq)ay
Bq = 8g

¢y = (byas-aybp)/ by

¢z = (bygaz-aybl) Dy

¢z = (byaq-a7bg)~ Dy
dy = (C4ba-DyC2)Cy
dp = (Cybz-D4C3) Cy
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er = (01c2-¢1d2)-d4

ez = (d4C3-C4d3)~dy

f1 = (eqdp-diep) 4
fo = d3
91 = (freg-eqfa) 4

hy = fa.

Also here inspection of the coefficients of the matrix shows

that the network is not stable for aill a.

Nyquist Diagram Analysis

Anofher‘ stability analysis technique which wouid be helpful here
is that of the Nyquist Diagram (Appendix V). This provides a
graphical représentation of the op‘en loop frequency response of
a System as a polar- or s-plane-plot. Basically the Stability

Criterion may be stated as follows [38]:

‘a closed loop s.ys‘cem will be stable if, when moving
along the open loop frequency response, plotted on a
Nyquist Diagram, in the direction of increasing

frequency, the point (-1,j0) lies on the left of the

locus.)’

The degree of stability can be determined from the Nyquist

Diagram in terms of gain and phase margins.
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Using the open loop transfer function for the SKB with the Me
COA 2and choosing the single poie modei (SP) we get the

previously derived expression {183,
Substituting s = jw and grouping terms vyields,
174(27K = wi(2/(we2) + RCy7((1+adwe)) +  ...{213
Jw7((1+a)we) + RCy7KY -
w3(R1C17/(w12)))1.
Computing this expression and plotting the resuits in the
s-plane wil provide the Nyquist Diagram, from which the

stability of the network can be established.

The open loop transfer function for the SKB using the M2 COA for

a two pole model (DP), is expression §193.

Substituting s = jw and grouping terms yields,

175w (wezwp?) + | . {221
2(wq+wo)R1C1/ (wetwo2)) - w2(2(2wqwp +

(wi+wp)2)/ (W 2wp2) +

2wiwo(Wy*w3)R1C1/ (wedwp2) +
27((1+@)wiwo) + (wq+w2)R1C1/((1+a)wwp))
_2w12w22/(wt2u22) + 2wqwa/((+a)wewp) +
27K) + j(w(dwqwo(wqrwo)/(wedwp?) +

wq2wo2R4C1/ (w4lwp2) +
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2(wyrwp)/((1+QJwwo) +
wqwaR4Cy/((1+)wrwp) + RyCy7K) -
w3(4(w1rw2)/(W12wp2) + (Qwqwp +
(Ww1+w2)2)R4C 7 (wtdwp2) +
R1C17((1+x)wiwp)) +

@I (R1Cq17 (w120 22)))3.

The Nyquist Diagram is computed from this so that stability can

be evaluated.

The open loop transfer function for the three pole model SKB

with M2 COA was shown in expression {20.
substituting s = jw and grouping terms one gets,

17§(~wb(2/ (wy2wpo2w3?) + {233
2(witwa+w3)R1Cy (W two2wg2)) +
wi(e(wiwprwiwzrwowg) +
(wyrwp+w3)2) /(W twp2wgd)  +
2((w1+u2+w3)(£61w2+w1w3+w3w3) +
WiWow3)R1C1/(welwo2wa2) +
R1C17((M1+a)wiwowsz)) -
wi(2(2wwowz(wytwo+rw3z) +
(w1w2+w1w3+w2w3)2)/(wt2w22w32) +
2wqwow3(Wwo+ww3+wow3)R1Cy
/(Wi2wp2wad)

2(w1+w2+w3)/((1+<x)wtwaw3) +
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Again the resul‘té for the Routh Criterion as applied to the M2

COA for the three poie model are presented in Table 4.

As before the values of a are chosen to show the point of

marginal stability.
Q= 1,835 -m K = 2,455
Qa Routh Critarion Matrix
0,8 1,66-48 6,2E-33 8,2E-19 1,7E-5 9,5E3
- 1,7E-40 1,0E-25 2,8E-12 2, 2E-1
5,2E-33 7,9E-19 1, 7E-S 9, SE3
7.9e-26 2,2E-12 2, 2E-1
6,4E-19 1, TE-S 9, 5E3
7. 7E-14 2, 2E-1
1|5E-5 9| 5E3
2, 2E-1
9, 5E3
0,84429 | 1,6E-48 6,2E-33 8,1E-19 1,7E-5 9,5E3
1,7E-40 1,0e-25 2,7E-12 2,2E-1 :
5,26-33  7,9E-19 1, 7E-S 9,5E3
7.9e-26 2,2E-12 2, 2E-1
6| qE-1 9 1. 7E-5 91 5E3
8,1E-15 2, 2E-1
3, 1E-8 9, SE3
2,1E-1 9, 5E3
0, 85 1,6E-48 6,26-33 8,1E-19 1,7E-5 9,5€3
1,7E-40 1,0e-25 2,7E-12 2,2E-1
5,2E-33 7,9E-19. 1,.TE-S 9,5E3
7.9e-26 2,2E-12 2,2E-1
6, 4€-19 1, 7E-5 9, SE3
-6,0E-16 2, 2E-1
2. 5E-4 9, 5E3
2, 2E-1
9, SE3

Table 4
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N
Thus It can be seen from inspection of Table 4 that a small
change In a causes the circult to exhibit (nstability. To avoid
this instabllity & sultable choice of a must be made to ensure
that the circuit remains stable. A comparison of the above
resuits with those obtained by Campbell and Stephensbn Is made
in Table 5, aiso Included are resuits for the M2 COA for Q =

8.3.

Me Composite Qperational Ampiifier
Q = 1,835 Campbei |l and Stephenson (1] Routh Criterion Analysis
f KkHz Experimental Theoretical M2sP M20P M2TP
° a a a a a .
3,717 < 1,064 < 2,85 X < 1,728 < 0, 84
11, 044 < 1,162 < 3,1 x < 1,823 < 0,88
Q= 8,3
f kHz
o]
w—mm
3, 717 < 1,338 < 3,5 o < 2,15 < 1,14
11, 044 < 1,527 < 3,9 . 3 < 2,33 < 1,2
Table 5

¢

Here x signifies that the network is stable for & between 1 and
1000000, Values of @ -above 1000000 lead to0 undesirably large

component spreads for thin-film realisations.
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Comparison of the theoretical predictions and experimental
values presented in Table 5 indicates that the single pole model
does not satisfactorily model the OAs useo. However, for the two
pole model results are fairly close to those found
experimentally. Nevertheless as can be seen further improvement

is possible by making use of the three pole model

While it is evident that the three pole model 'pr‘ovides good
results when compared with experimental findings, one gets no
direct indication of the degree of stability for the particular
value of a. To get +this type of information it was considered
convenient to make use of the Nyquist Diagram analysis

technique.

For a particular choice of «, the gain and phase margin can be
found: graphically from +the Nyquist Diagram, and this then allows

for the degree of stability- to be evaluated.

On pages 88,89 and 90 tﬁe Nyquist Diagrams for the one, two and
three pole models respectively for the Sallen and Key bandpass
network under consideration are presented. In this case the M2
COA circuit has been used. These Nyquist Diagrams show the
frequency response locus with the direction of increasing w 'azs
marked. Unfortunately however, the computer generated locus does
not clearly indicate the characteristic spiralling of the locus
in the vicinity of vthe s-plane origin. This lack of detail must
be attributed to the order and composition of the denominator
polynomial. In any event the usefulness of these diagf‘ams is
realised when considering the vicinity of the (-1,jO0) point
which allows for a visual determination of stability of the

network for a particular value of o (see Appendix V).
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These Nyquist Diagrams depict the open loop frequency r‘ésponse

of the circuit, making use of the single,

models,

stable.

for values of a at which the circuit

Increasing the gain or phase margin or «

two and three pole

is marginaily

the M2 COA, will resuit in instability. Thus for a chosen a

,n the case of

ensuring stability the Nyquist Diagram will yield the gain and
phase margins which give a measure of the relative stability of

the circuit.

A comparison of the Nyquist Diagram results with the practical

besults by Campbell and Stephenson is given in Table 6. Again

the M2 case for Q =

8,3 is also shown.

M2 Composite Operational Amplifier
Q= 1,835 Campbeii{ and Stephenson [1] Nyquist Diagram Analysis
f KHz Experimental Theoretical MeSP MeDP MZTP
0 a a a a a
3, 717 < 1,064 < 2,85 < 150 < 1,64 < Q0,80
11,044 < 1,162 < 3.1 < 50 < 1,55 < 0,78
Q= 8,3
f kHzZ v -
0 .
P  —— B e T —
3,717 < 1,338 < 3,5 < 130 < 2,04 < 1,08
11, 044 < 1,527 < 3,9 < 42 < 1,92 < 1,03

Table 6
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It can readily be seen that the single pole model does not vyieid
meaningful results while the two pole modei come ciéser to those
found experimentally. Also vhere it is striking that the three
pole model correlates best with experimental resuits. it would
appear that the improvement in the gain bandwidth product for
the COAs is directly linked to the accuracy with which the‘
individual OAs are modelled.

The Routh Criterion resuits for the M‘l COA three pole model are
presented in Table 7, along with the values from Campbeil and
Stephenson’s paper {1]. Only the three pole model was used as
this models the OA best. From these results it can be seen that
the network will be stable for a greater than the lower limit
predicted. This is more desirable than the M2 case as a greater
bandwidth can be achieved. However the finite input impedance of

the M4 COA is a disadvantage.

M4 Composite Operational Amplifier

Q= 1,835 Campbell and Stephenson [1] Routh Criterion Analysis
f kHz _ Experimental .Theoretical M4SP M40P M4ATP
o a a a a

e e e ———

3,717 > 0,67 > 0, 65 - - > 0,37
11, 044 > 0,60 > 0, 65 - - > 0,33
Q=83
f kHz

o

| — e e

3. 717 > 0,68 > 0,65 - - > 0,37

11, 044 > 0,49 > 0,65 - - > 0,32

Table 7
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The Nyquist Diagram resuits for the M4 COA for . the three pole
model are shown in Table 8, and for comparison the resuits from

Campbell and Stephenson’s paper [1], are included,

M4 Composite Operational Amplifier
Q@ = 1,835 | Campbell and Stephenson [1] Nyquist Diagram Analysis
f  kHz Experimental Theoretical M4SP M4DP M4TP
¢ a a a a a
3, 7117 > 0, 67 > Q, 65 - - > 0,55
11, 044 > 0,60 > 0, 65 - - > 0, 60
Q=283
f kHz
0
E=_—=m=z:__—————_—======~
3,717 > 0,68 > 0,65 - - > 0,58
11,049 > 0,49 : > 0, 65 - , - > 0,63
Table 8

The three pole model results are again very close to those found

experimentally. This is the case for both Table 7 and 8.
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wWhen comparing the results shown in Tables 5 and 6 as well as
those‘ of Tables 7 and 8 it becomes evident that the a values for
the two stability analysis techniques of Routh and Nyquist

differ.

The Routh analysis technique (Appendix lI) considers the
coefficients of +the denominator polynomiél of the closed loop
transfer function and the value of o for which the network
becomes unstable is determined. The values given. in Tables 5 and
7 are thus found by manually entering the value of a into the

spreadsheet program on an BM-compatible PC.

Visual inspection of the resultant coefficients of the Routh

Criterion Matrix +then vyield the value of o for stability.

In the case of the MNyquist Diagram analysis method (Appendix V)
the op;en .loop transfer function of the network is used +to
predict the closed loop transfer function response. The
frequency response locus is then obtained from the spreadsheet
program with the values of a of Tables 6 and 8 determined from

inspection of the Nyquist Diagram.

it must be thus appreciated that the o values are only
approximate. Nevertheless it can be seen'that reasonable

agreement in a exists between the two stability techniques.
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Results from all the cases studied clearly indicate that the
three pole model gives the best correiated results. Thus for ‘the
Sallenf and Key bandpéss network using the M3 COA and taking the
three pole model, stability is achieved for a choice of a >
18200000. - This in turn requires that for Rq = 10 kQ , Rg =

182 MR , a component spread which is far too large. However,
inspection of _the M3 transfer functions in Appendix IV reveals
that resistor R4 plays a significant role in the ‘denominator.
It is therefore possible to decrease the value of R4 to 100 Q,
in which case for stability a > 3,6 and Rg = 360 .

When considering thin film realisations this latter component
spread would certainly be more desirable than the component

spread required if Rq = 10 k.

As has been shown the composite amplifiers M1 - 4 may all be
employed in circuits and filters where extended gain bandwidths
are desirable. This does however require the careful selection
of the scaling factor a as this is directly linked to the

stability of the circuit.
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CHAPTER 6
CONCLUSION

Infqrmation gained from the evaluation of the resuits discussed
in the previous chapters indicates that composite operational
amplifiers (C'OA) cah be gainfully employed in cases where
extended gain bandwidth is required. This is particularly so
with active filters of higher order. However, as ha‘s been shown
the careful selection of the scaling factor a is critical in

producing a stable network.

The basic aim of this study was to find a theoretical approach
which would allow the clear identification of stable circuits.
Much depends on the choice of the operational amplifier (0A)
model and in this only the three pole model gave consistent
results whi.ch correiated well with experimental findings. While
the mathematically simpler single _and two pole 'models are fine
for many other applications they are however not found accurate
enough ‘in cases where gains of individual OAs affect the
coefficiénts of rather complicated transfer functions of active

filters.
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iIn the study of second order filter networks the three pole
model has been seen to provide sufficient accuracy to
effectiveliy determine the stability of such networks when COAs
are used. Preliminary resuits of these findings were reported,

in a paper [39] at an International Conference, last -year.

For the experimental work low cost OAs where used. It is
considered that for this reason no good agreement between theory
and practice could be gained other than using a three pole
model. However, if high quality OAs had been used for the COA
better correlation would be obtained with a single or two pole
model. All this indicates that the shortcomings of low cost
devices ar}e in fact grossly accentuated when this becomes a

multiplicative effect in a COA.

The two é.tabi!ity analysis methods used, namely, Routh Criterion
and Nyquist Diagram are mathematicaily simpler than the Root
Migration technique which gives a graphical representation of
the stability margin [39]. Nevertheless the Nyquist Diagram is
considered superior as both gain and phase margins for the
network can be determined easily and it provides a more accurate
indication of the likely behaviour of the composite operational

amplifier network.
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iIn order to carry out computer studies on the composite
operational amplifier the value of_ wy , wp and w3 must be
known. With the predictions made where wy = wy/Aq ,

wp = 2wy and w3 = 4wy, good resuits were obtained. It is
found‘that the value of wg3 in particular plays an important
role in determining the best value of the scaling factor a.
Future investigations may have to address the question of
accurately measuring the value of wy for a' particular OA so as

to improve on the accuracy of the stability resuits.
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APPENDIX |

A Method of Determining wg

To find the value of wy for an operational amplifier the

following method may be employed.

Assemble the circuit as shown below.

where Ry = R> = R4q = 47 k@ and Ry = 47 Q.
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Using constrained nodal admittance matrix techniques on the

above network yields
A(f) = -(0 + Rp7R3)Vout/Vin-

Adjusting the frequency of V;, in such away as to realise

Vi = Vgyt vields the value of wy.

Thus it can be seen that by definition w{ is the frequency at

which the operational amplifier exhibits unity gain.
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APPENDIX 1l

The Constrained Nodal Admittance Matrix

The nodal admittanée matrix [Y] is formed by inspection of the

network topology using the following definitions{40,41);

(i) Y” is the sum of all admittances attached to node i;
and
1 YU is the negative sum of all admittances connected

" directly between nodes i and .

In a passive network, YlJ = YJ', where i# J and the off
diagonal terms are symmetrical about the major diagonal. A
constrained nodal admittance matrix is formed as indicated
above, however, the inclusion of active elements causes the
nodal admittance matrix to be constrained. The active elements
‘destroy the symmetry of the off diagonal terms about the major

diagonal.

Considér the M2 composite operational amplifier, as deait with
in Chapter 3 page 51. The constrained nodal admittance matrix
was formed as follows; ( where i = row and j = column )

Y4 : self admittance of node 1 : O

Y42 @ mutual admittance between nodes 1 and 2 : O

©.¥q3 @ mutual admittance between nodes 1 and 3 : O
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mutual admittance between nodes 1 and 4 :
mutual admittance between nodes 1 and 5 :

mutual admittance between nodes 2 and 1 :

self admittance of node 2 : Yp+Yj3

mutual admittance between nodes 2 and 3 :

mutual admittance between nodes 2 and 4 :
mutual admittance beﬁveen nodes 2 and S :
mutual admittance between nodes 3 and 1 :
mutual admittance between nodes 3 and 2
self admittance of node 3 : Y3+Yg+Y33

mutual admittance between nodes 3 and 4

mutual admittance between nodes 3 and S :

mutual admittance between nodes 4 and 1 :

mutual admittahce between nodes 4 and 2 :

mutual admittance between nodes 4 and 3 :

self admittance of node 4 : Y4+¥g

mutual admittance between nodes 4 and S :
mutual admittance between nodes 5 and 1
mutual admittance between nodes 5 and 2
mutual - admittance between nodes 5 and 3 :
mutual admittance between nodes S and 4 :

self admittance of node 5 : Ygg

where A4 and AE are the gains of the two operational

amplifiers and Ygg and Y33 are the respective output

admittances.

=Ygy

: A2Y33+Y5

-A2Y33
0
0

_Ys

0

-AqYssg

: Aq¥sg

0

0
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As an exampie of how the active elements are determined consider

the matrix entries Y3g and Ygs.

in the case of Y3g the forward path is from node S5, the matrix
column number, to node 3, the matrix row number, through the
inverting input of the operational amplifier thus yielding a
constrained nodal admittance matrix entry of -(-ApY33),

where the ’-' outside the bfacket occurs because it is a non
major diagonal term and the bracket is the producf of the
operational amplifier gain and the output admittance of the
operational amplifier. In the case of Yg3 the forward path is
between node 3 to node 5, which represents a path from the
outpuf to the inverting input of the operational amplifier this

ciearly being an open path and hence has a value of zero.

This technique is applied to other nodes and associated active
devices to vyield the con_strained nodal admittance matrix as

given for the M2 cbmposite operational ampiifier on page 51.

To find the transfer function from this constrained nodal
admittance matrix use is made of pivotal condensation. This

technique is used to systematically reduce an [nxn] matrix about

a desired node.
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If any node i in an [nxn] matrix is to be suppressed, terms in

the resuiting [n-1xn-1] matrix are found by applying

Y're = Yee = YpYied7Vy

where Y'n. is the modified version of Ype and Yy is the

suppressed node.

This technique is applied successively until a [2x2] matrix is

obtained.

The voltage transfer function , Vo7V , is formed from
VoV = Y07 Yy

where Y, and Y“ ‘are cofactors of the nodal admittance

matrix and 'i" refers to the input node and ’'0’ refers to the

output node.
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APPENDIX 1li

The Routh Criterion

" The Routh Criterion (381 is a method of determining whether a
system is stable or unstable by examining the behaviour of the
coefficients of the characteristic equation of a system. The

characteristic equation has the  form
ansN + ap-4s""1 + . + a5 = ©

The system will be stable if

(i all coefficients of s from n to O are present and are
positive;

and

(i) all terms in the first column of the array have the same

sign.

The array is formed as follows



a a

n-2 n-4

a a s e
n-3 n-5S

b b
2 - 3

c
2

d LI I ]
2

where apn, ap-y, ..., are the coefficients of the

characteristic

equation and by, bp, .., c4, C¢Cp,

etc, are derived by the application of the formulae

b1 =

a 0 0 o
- n - n
" . ' 1

=}
n
"

etc.

This technique

(an-13n-2-3nan-3)"3n-1
(38n-13n-4-3nan-5)73n-1
(b13n-3-an-102) /b4
(b43n-5-3n-103)7by
(cqbp-bycp)/c4

(cqb3-byc3z)/c4

shown Dbelow.

is used to evaluate the M2 COA on page 65.
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APPENDIX 1V

This appendix serves to list the various functions associated
with the M3 and M4 composite operational amplifiers (COA) and
are used, in a similar manner to those in the body of this

dissertation, to obtain resuits for the M3 and M4 COA networks.

The abbreviations used in this appendix are similar to those

used in the body of this dissertation and are summarised below.

GF Gain Function

M3 C20A-3 described by Mikhael and Nessim (2]

M4 C20A-4 described by Mikhael and Nessim (2]

SP Single Pole Model of the operational amplifier (0A)
DP Two Pole Model of the OA

TP Three Pole Model of the OA

SKB Sallen and Key Banqpa'ss Network

CLTF Closed Loop Trahsfer Function

OLTF Open Loop Transfer Function

The M3 Composite Operational Amplifier

GFM3 = 1/{(1+G)/(A1Aa). + Y47(Ap(Yo+Y3)) +

17K3

GFM3SP = 1/§s2(1+@)/wy? +. SBrwy + 17K}

where B = Yq/(Y2+Y3)
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GFM3DP = 17{(1+a)(s? + s32(uprwp) + s2(2wiwp
+ (wqrwp)2) + s2wqwp(wq+wp) +
wWwo2)/ (wi2wa?) + B(S?2 + s(wyrwp) +

wwa)/(wiwp) + 1/K3

D GFM3TP = 17§(1+a)(s® + s52(wirworwy) +
sYR(wwotww3+Wow3) + (Wyrwa+w3)2) +
s32((wrwprW3)(WWa B3+ WaW3)  +
Wwaw3) + sSE(Rwiwowz(wytworwgz) +
(Wiwprww3+Wow3)2) +
’52w1w3w3(wiwa+w1w3w2u3) +

W2Wo2w32) (W12wa2w3?) + B(s3 +
s2(wqrwprwy) + s(w1w3+uj1(»3+w2w3) +

Wqwaw3) (wiwow3) + 17K

SKBCLTFM3SP = s/is((1+a)R4Cq7wed) +
s3(3(1ra) w2 + BRyC17wy) +
s2((1+a)/(WwtRqCqy) + 3B/we? + RyCy7K) +

S(ﬁ/((ﬂtR1C1) + 37K - 1) + 1/KR1C1}
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SKBCLTFM3DP = s/{s8((1+aQ)R1Cq/(w42wp2)) +
S3(3(1+a)/ (we2wpd) . + |
2(wy+w2)(1+a)R(Cy/ (w42wp2)) +
sd(1+a)/(wi2wp2R Cq)  +
6(w1+ma)(1f0)/(wt2w32) + (2wqwp +
(01+©2)2)(1+Q)R4C 7 (W12wpd) +
BR{C1/ (wtw2)) + .
s3(a(w1+w3)(1§a)/(mtaueaR1c1) + (Ruqup
+ ((01*0)2)"’)(14‘0)3/(0113(023) +
2wqwo(wy+wpa)R4Cy(1+a) (wtlwpd) +
38/(wtw2) + B(Wprw2)RICH/ (Wwp)) +
s2((Ruquwp + (wytwp)2)(1+a)/(wr2wp2R4Cq) +
bwiwa(wirwa)(1+a)/ (wilwp2) +
wwp2RCy(1+a)/ (w2wpe) +
B/(wtw2R¢Cq) + 3B(wq+wp)/(wiwp) +
BwqwpaRCq/(wiwz) + R4C47K) +
s(Rwqwp(w+wp)(1+a)/(w42wp2R4Cq) +
3wtwp2(1+a)/(w2wp2) +
B(wy+wp)” (WtwaR(Cy) + 3Bwiwp/(wiwp) +
37K - 1) + wRwp2(1+@)/(124waeR(Cq) +

Bwjwpa/(wtwpR¢4Cq) + 17(KR4Cq)3
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SKBCLTFM3TP = s/§s8(R1Ci(1+a)/(wwp2w32)) +
57(3(1f0)/(wt2wa2w32) +
2(wq+twp+w3)R9Cy(1+a)/(we2wpiwz2)) +
sO((1+a)/ (we2wp2w32RIC)  +
6(wirwa+w3z)(1+a)/ (W dwp2wa2) +
(Clwiwo+wiwz+wowy) +
(w+wp+w3)2)RCy(1+a)/(wptwo2w32)) +
sS(2(Wyrwarw3)(1+A) 7 (W 12wp2w32R1C)  +
(AW wa+w W3+wow3) +
(wqrw5+w3)2)3(1+@)/ (W2Wo2w32) .
2((w1+u:2+w3)(w1w2+w1w3+w2w3) +
w1w2w3)R1C1(1+q)/(wtzwaaw3z) +
BR1C1/(wywpow3)) +
si(2(wwarwiwzrwowg) +
(wqtwo+w3)2)(1+a)/(widwp2w32RCy)  +
2((w1+w2+w3)(w1w2+w1w3+w2w3) *
wwaw3)3(1+a) (welwptwz?) +
(2w1w2w3(w1+w2¥w3) +
(Wywo+w w3+wow3)2)R4Cy(1+a)”
(wyPwzlwg?) + 33’(%@2933 +
(w+wa+w3)R1CB /(W rwawgz)) +
$3(2((Wytwa+w3)(W W+ W3+ Waw3)  +
w1waw3)(1+a)/(wt2w22w32R1C1) +
(Qwiwowz(wirwo+wz) + '
(ywo+wqwz+wpow3)2)3(1+a)(wi2wp2w3z2) +
2w1waw3(w1wa+w1w3+waw3)R1C1(1+0)/

(Wwetwp2w3?) + P (Wiwaw3R{Cy) -+
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3p(wrwpswz)/(Wpwawy) +
(wuwp+ww3+waw3)R4CiB/(Wiwpow3)) +
se((2w1w2w3(w1+w2+w3) +
- (wqup+wqwz+wowsz)2)(1+a)”/
- (vifug?w3tReCy)
Swwawy(wwo+wqwa+wowz)(1+a)”/

(wiiwp2wz2) +

+

wdwatw32R Cq(1+a)/ (wilwp2wy?2)

Blwitwp+w3)/(wiwpw3R4Cq) ¢+

+

3p(wqwo+wqwy+wowz)/(wiiwo2w42)

+

Bwiwpow3R1Cy/(wywowy) + RyCqy7K)
. s(2wqwowz(wiwo+wiwa+wowsz)(1+a)
/(uiuatuaRCq)  +

| w12w22w32(1+q)/(mt2w22w32) +

+

Blwiwp+wwi+wpw3)/(wiwow3RCq)
3pwqwowy/(wewpwy) + 37K - 1) +
wtwrtwzd(1+a)/(witwp2wy2R4Cqy)  +

Buqwawz/(wiwaw3RCy) + 17(KR4Cq)3

SKBOLTFM3SP = 1/s3(RiCq(1+a)/(w4?)) +

s2(2(1+a) (W) + BRICH/(wy)) + S(2B/(wy)

RiC17K) + 27K}

+*
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. SKBOLTFM3DP = 1/{S5(R1Ce(1+a) (wwp2)) +
sfe(ra)/ (witwa?) +

2(wq+wp)R1Cy(1+a)/ (wi2wp2)) +
$3(4(wprwa)(1+a)/ (We2wp2) + (2wqwp +
(w1+@2)2)R{C1(1+a)/(wilwp2) +
2BRCq/(wiwp)) + s2(2(2wqwp +
(wqrwp)2)(1+a)/ (welwp?) +
2wqwp(wq+wp)RC (1+a)/(wi2wp2) +

2B/ (wiwp) + PB(wqy+w2)RCy/(wiwp)) +
s(dwqwa(wq+w)(1+a) 7 (wi2wp2) +
W2wadR(C (1+a)/ (wilwpd) + |

2B(wq+wp) (wiwp) + PwWiwaR1Cy/(wiwp) +
RiC17K)  +2wiRwpd(1+a)/(welwpe) +

2Bwqwa/ (wiwp) + 27K}

SKBOLTFM3TP = 1/{sT(RyCq(1+a)/(wi2wpw32)) +
sb(2(1+a)/ (witwp2wz?) +
2(wq+twp+w3)R1Cq(1+a)/ (wi2wp2wy2)) +
s5(4(wrwp+w3)(1+ Q) 7 (Wiwalwgy2)  +
(2(wwo+wiwz+wowsz) +
(wyrwp+w3)2)R1C(1+a)/(w2wp2wg2)) +
sH(2(wiwprwwzrwowgy) +
(wrwp+wy)2)2(1+a)/(wi2wpo2wy2) -+
2((wyrwo+w3)(WiwarWw3+wWaw3) +
wiwaw3)R{C (1+a) (wilwplway2) +
BR{C1/ (wiwpw3)) + |

$3(A((wyrwprw3)(WWo+w w3+ Wow3) +
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wiwow3)(1+a)/ (wilwolwiz2) ;
(Rwqwpwgz(wirwp+wsz) +
(wqwp+wqw3z+waw3))RCq(1+a)”
(wi2wpiwa?) + 2B/ (wiwpwz) +
BR1Ci(wyrwa+w3)/(wiwows3)) +
s?((Cwqwpwz(wy+wo+wsy) +
(m1méfm1m3+wam3)2)2(14q)/(wtemaewéé) +
2wqwowz(wwprwwz+wowz)R Ci(1+a)”
(wetwpdwa?) + 2B(wqrwp+w3)/(Wiwowsz) +
B(m1ma+w1w3+m2w3)R1C1/(mtmawg)) o+
s(dwqwowz(wqwo+wiwz+wowsz)(1+a)
/(wilwplwy?)  +
:uq2w23w32(1+Q)R1C1/(wt8w22w32) +
2B(wqwo+wqw3z+wowz)/(Wiwpws) +
Buwqwow3RCy/(wywpowy) + R4Cy7K) +
2witwplwzd(1+a)/ (wi2wp2wg?) +

2Bwqwowz/(wewpwz) + 27K}
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The M4 Composite Operational Amplifier

GFM4 = 17§(1+a)7(A1A2) + (1+a)/(AK) + 1/K}

GFMA4SP

17§s2(1+a)/w¢2 + s(1+a)/(Kwyg) + 17K

GFM4DP = 17f(1+a)(s? + s32(wyrwp) + s2(2wqwp

+ (wq+wp)2) + s2wqwp(wq+wp) +
witwp2)/ (witwp?) + (1+a)(se + s(wy+wp) +

wwp)/ (Kwiwp) + 17K}

GFMATP = 17{(1+a)(s® + s52(wqrwprwg) +
54(2(w1w2+w1w3+w2w3) + (wqrwprwiz)2) «+
532((w1+wa+w3)(w1wa+w1w3+waw3) +
Wwow3) + sf(Rwwawa(wqrwp+wsz) +
(wqwo+wiwz+wpwy)2) +
s2wwowa(Wwwa+ww3+wowsg) +
wizwotw32)/(wetwalwi?) + (1+a)(s3 +
s#(wy+wp+w3) +  s(Wiwp+uww3z+wWaw3) +

Wwow3) (Kwiwowz) + 17K}

SKBCLTFM4SP = s/{sH((1+a)R1C17wt2) +
s3(3(1+@) w2 + (1+a)RC17(Kwy)) +
s2((1+a)/(w¢2RqCy) '+ 3(1+a)/(Kwg) + R4Cq47K) +

s((1+a)/(KwgRiCq) + 37K - 1) + 1/KR(Cq3
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SKBCLTFM4DP = s/{s8((1+a)R1C1~ (w12wp2)) +
55(3(’1“‘)/(“#“2” +
2(w+wa)(1+a)R1C1/ (Wyiwp2)) +
sY(1+a)/(wi2wo2RyCy)  +
6(wyrwp)(1+a)/ (weiwo2) + (2wqwp +
(W1+w5)2)(1+a)RCy/ (W2wp2)  +
(1+a)R4C17(Kwtwp)) =
s3(2(wyrwp)(1+a)/ (W12W22R1G)) + (2wqwp
+  (Wyrwp)2)(1+a)37/ (w2wp2) +
2wqwa(w+wa)IR1C1(1+a) /(W 2wp2) +
3(1.+<x)/(|<wtwa) +
(1+a)(wq+w2)R4Cy/(Kwiwp)) + s2((2wqwp +
(99+©2)2)(1+a) 7 (@12wp2R1Cq)  +
bwiwa(wyrwp)(1+a) (wyBwp2) +
w‘12w32R1C1(1+0)/(wtawez) +
(1+a)/(KwywpaR4Cq) + 3(1*0)(w1+w2)/(Kwtw.a)
+ (1+a)wqwaR1C17/(Kwiwp) + R4C47K) +
sCwwa(wi+wp)(1+a)/ (wi2wp2R4Cy) +
3witwo2(1+a)/ (widwpo2) +
(1+a)(wq+w2)/(KwiwpR4Cq) +
3(1+a)wqwp/(Kwiwp) + 37K - 1) +
wi2wp2(1+a)/(we2wp2RqCq) +

(1+a)wqwa7(KwwaR{Cy) + 17/(KR{Cy)}

SKBGLTFMATP = s/isB(RiC(1+a)/(wetwpZug?) +
s7(3(1+a)/ (W Rwpiwg?) +

2(wirwa+rw3IRC1(1+a) (wt2wp2wa2)) -+



115
sb((1+a)/(wi2wp2w32RCy) +
6(wirwp+w3)(1+a)/(w2wo2wy2) +
(C(wwp+wqw3+wowg) +
(wy+wo+w3)2)R1Ci(1+a)  (wi2wp2w32)) +
55(2(w1+w2+w3)(1+0)/(wt2w22w32R1C1) +
(Clwjwp+wqwz+wowg) +
(wytwp+w3)2)3(1+a)/ (welwp2wad) +
2((wyrwp+wal(Wqwo+wWqwa+wowy) +
Wwpw3)RICI(1+@)/(welwatuwg?) +
(1+a)R4C1/ (Kwiwaw3z)) +
54((é(u1w2+w1w3+w3w3) +
(Orsw2+w3)2)(1+a)/ (Wt2wptw32ReCq)  +
6((m1+w2+w3)(w1fwa+w1w3+waw3) +
w1waw3)(1+a)/(bt2w22w32) +
(Cwjwawz(wi+wo+wy) +
(wqwo+wqwz+waw3)2)R4Ci(1+a)”/
(wewplwa2) + 3(1+a)/(Kwiwowyz) +
(wy+wp+w3)R4Cy(1+a) (Kwpwowsg)) +
s3(2((w+wpsw3)(WWa+w W3+ Waw3)  +
wwow3)(1+a)/(wi2wo2w42R4Cy)  +
(Cwiwawz(wirwarwz) +
(wqwo+ww3+wow3)2)3(1+a) (Wr2wo2wy2) +
2wqwowz(wwa+ww3+waw3)R1Cy(1+a)/
(v2wptws?) + (1+a)/(Kwiwpw3RyCq) +
3(1+a)(wqrtwo+w3z)/(Kwywowgz) , +

(wqwporwqw3+wow3)R4C (1+a) (Kwtwpwi))
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+ s((Cwqwawiz(wi+wp+wiz) +
(wwp+wqwz+wow3z)2)(1+a)”/
(witwp2w32RqCq) +
bwiwrw3(wwa+wwz+wawz)(1+a)”/
- (wilwp2wg?) +
wi2wo2w32R4C (1+a)/ (Widwplwgd) +
(1+a)(wq+wo+w3)/ (KwiwowzR4Cy) +
3(1+a)(wqwp+wqwa+wow3)/ (Kwtwpowy) +
- (1+Q)wqwow3R1C/ (Kwiwowg) + RyC17K) +
s(Rwwpwa(wwo+wwz+wawsz)(1+a)
/(wtwp?w3?RqCy) +
witwpzwa2(1+a)/(wiwplwiy2) +
(1+a) (W wo+ W W3+ Wow3)”
(Kwiwpow3zR(Cq) +
3(1+a)wwaw3z/ (Kwiwpwy) + 37K - 1) +
wiRwolwq2(1+a)/ (w2wp2w32R4Cy)  +
(1+a)wqwowz”/(KwiwowaRqCq) +

17(KR4C1)}

SKBOLTFM4SP = 17§s3(RyCq(1+@)/(w42)) +
s2(2(1+a)/(we2) + (1+a)R9Cq/(Kwy)) +

s(2(1+a)/(Kwy) + RqCq7K) + 27K}



7
SKBOLTFM4DP =  1/§S3(RiCq(1+a)/(wtdwp?d)) +
sfe(1ra)/(wezwp2) +
2(wi+wa)R1C (1+a)/ (widwp2)) +
s3(4(wyrwp)(1+a)/(w42wp2) + (2wqwa +
(w+wp)2)R4Cq(1+a)/ (wiiwp2) +
2(1+a@)R(C1/ (Kwywp)) + sS(2(Rwqwp +
(m1+wé)2)(1+a)/(mt?wae) +
2m1ma(w1+ma)R1C1(1+(<x)/(mtewae) +
2(1+a)/(Kwiwp) +
(1+a)(wq+w2)R(Cq/ (Kwgwa)) +
s(dwqwp(w+wp)(1+a)/ (wiwp?) +
w2wpdR4Ci(1+a) (wi2wpd) +
2(1+a)(wyrwp)/ (Kwiwp) +
(1+a)wqwaR¢C4/(Kwiwp) + R4C47K)
+2wtwa2(1+a) (wedwpo2) «+

2(1+a)wqwa’ (Kwgwp) + 27K}

SKBOLTFM4TP = 1/§{sT(R1Cq(1+a)/ (w12wpa2w32))
sb(2(1+a)/ (wi2wplwg2) +
2(m1+w2+m3)R1C1(1+a)((wt2m22w32)) +
SO(A(wirwa+w3)(1+a)/(Wilwolw3z2) +
(2(wqwo+wiwz+wpowg) +

(014 wp+w3)2)RIC (1+a)/ (We2woRwg2)) +
si(R(wiworwwztwowg) + .
(wirwo+w3)2)2(1+a) (wlwo2wa2)  +
2((wyrwp+w3)(WWo+wwa+wowy) +
Wiwaw3)R1C1(1+a) (Wi2wp2w32) +

(1+a)R4C1/ (Kwtwaw3z)) +
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S3(4A((W1+Wwa+W3)(WWa+W W3+ WaW3)  +
w1w2w5)(1+0)/(wt2wEEW32) +
(Cuwiwawz(wirwo+wgz) +
(w1w3+w1w3+w3w3)2)R1Ci(1+a)/
(wedwp2w3z2) + 2(1+a)/ (Kwpwowy) +
(1+@)R1Cy(wi+wp+w3)/ (KWiwpw3)) +
s2((Qwwowz(wirwo+wgz) +
(Wqwo+wqw3+wow3)2)2(1+a)/(wy2wp2wa?) '+
2w waw3(WWa+ww3+wow3)RCy(1+a)~
(wy2wo2wg2) +
2(1+a)(wq+wo+w3)/(Kwewowgz)  +
(1+a)(Wwo+wqw3z+wow3IR4C1/ (Kwtwaw3g))
+  S(wqwow3z(wWiwo+ww3+wow3)(1+a)/
(wi2wp2w32) +
'wiiwaawaa(ha)R1C1/(wt2uaiu;32) +
2(1+a)(wworww3z+waw3) (Kwtwowy) +
(+a)wqwow3aR1Cy/(Kwiwowz) + R4C47K) +
2widwa2wz2(1+a)/ (wedwplwg?) +

2(1+0)w1w3w3/(Kwtw3w3) + 27K%
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APPENDIX V

The Nvquist Diagram

The Nyquist Diagram ([38] is a graphical method of determining
the stability of a system under closed loop conditions based on

the systems open loop frequency response.
Basically the Stability Criterion may be stated a's follows

r'a closed loop system will be stable if, when moving
‘along the open Iicop frequericy response, plotted on a
Nyquist Diagram, in the direction of increasing

vfrequency, the point (-1,j0) lies on the left of the

locus.’

The reiative stability of a system can be determined from the

Nyquist‘ Diagram in terms of gain and phase margins.

The gain margin is defined as the reciprocal of the magnitude of
the open loop transfer function when the phase shift is 180
degrees. Thus the gain margin represents the factor by which the

gain must be increased to cause the system to be unstable.

The other measure of relative stability is that of phase margin.
This is defined as 180 degrees minus the phase angle of the open
loop transfer function at the frequency where unity gain is

achleved.
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From the above definitions it can be seen that for a gain margin

less than one or a negative phase margin the system is unstable.

The sketch below depicts a stable systerﬁ, where 1/Gy is the
gain margin and ©py the phase margin. Further, following the
locus of the 6pen ioop frequency response in the direbtion of .
increasing frequenc‘y the point (-1,j0) is seen to lie to the

left of the locus, thus indicating a stable system.

- This technique of stability evaiuation is used for the M2 COA on

page 77.

, | Fmagrary

/
Unit/ci rcle

-—
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