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ABSTRACT

A Study of the Active Compensg;ion of

Voltage Amplifiers and RC-Active'F;ltérs

Paulo Batista prgs, Ph.D. .

Concordia University, 1985 ) '

This dissertation. presents ', the results of a
systematic investigation on. the generation and
classification-of actively compensated voltage. amplifiers
(ACVAs) . Also,” a new appr&ach to the design of actively

compensated RC-active filters is described.’

A ‘comprehensive study of ACVAs using 2 and 3
operﬁtional amplifiers . (OA;) is reported in Chapters 2 and
3, respectively. In this study, ACVAs are first classified
according to a combination of both practical and theoretical
.c0nsidetatibns. Eééh clasé iﬁ gurther divided into 'types.

A set of realizability conditions is then associated with

‘each type. -For each type, ACVA réalizations are obtained by

' sequential eliminations of resistors in a-general model of

‘the resistive fietwork which imbeds the OAs in an ACVA

- circuit. The - circuits .o&iained are then analyzed with

respect to several performance characteristics 'such - as

relative stibility, phase and magnitude errors, stability
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1

considering ‘the second pole of the OAs, maximum signal

handling capability, etc.

‘

In ‘Chapter 4, a new 'technique" for the active .

2

compensation of a single OA network. is repbrted.' The ..

appliéation of this technique eliminates the first-ordér'
effects of the time constants of the OAs in circuits using 2
OAs and also the secgnd—oraer effééts in circuits employing
3 dAsf _ ﬁext. it is shown how this .techéique' can be
' implemehted in two important classes of activg-RC;filfers,
namely enhanced positive feedback qndx enhanced neggtive

feedback networks.

3

Finally, in: the same chqptér, an optimiéation
procedure for reducing the residual effect of the OAs in ﬁhe
circuits obtained through the technique abové is proposed.
This procedure admits easy applicatioﬁ and is- shown to be
very eftig}ent. Exa@ples are: provided in order. to

demonstrate the effectiveness® of the results ﬁresented.

B

Simulations and experimental results are provided (in
‘ order to demoﬁstrate the accuracy of the theoretical

analysis presented in this thesis.

m e e
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CHAPTER 1

INTRODUCTION

1.1 PRELIMINARY CONSIDERATIONS

The design of filtering networks has been subject of

research by electrical engineers since the beginning of this
\ ' &

century. The attempt to use transmission lines for

communications over large distances was the main force

behind the development of both Filter Theory and Circuit

_Theory [1]. In these early years, active devices such as

vacuum tubes, transistors and opefationgl amplifiers were
not available yet. Therefore, circuits had to be built
using resistors, capacitors, inductors and, in some cases, ,
transformers. Eventually, these passive filtérs Became so.
popular that they were wid?ly used until the early

seventies.

However, in spite of their popularity, the use of
inductors in these filter circuits has always had some
drawbacks. High quality inductors’are bulky, expensive and
the/%agnetic fields created by them can affect the operation

of sensitive instruments that.might be placed nearby.

The first experiments with active~RC filters were
reported in the middle thirties, In these works, an RC

network was connected in the feedback path of vacuum tube



amplifiers in order to shape their frequency characteristics
[2]. However, it was_ only after the invention of tpe
transistor that it was realized that the replacement of
large, t}oublesome and expensive inductors by active dgvices

- could potentfally accomplisﬁ cost and size reduction [3].

The'adveﬁt of monolithic operational amplifiers (OAs)
in the sixties brought a whole new perspective to the design
of aciive networks. OAs are off-the-shelf components which
are -simpler to use, more religble ;nd can provide an
impro;ed functional performance when compared to transistors
or vacuum éubes. Also, other devices such as controlled-l
sources, GICs, FDNRs, gyrators and inductors can be readily

*

,simuiated by OA-based circuits.

Numerous papers on active circuiﬁs have been
published during the last three decades [4]. OAs are wused
in the great majority of them.(\It can be said that Qéi’now
form the backbone of active circuit design and,
consequently, it is worthwhile to examine  their

characteristics in more detail.

1.2 THE GPERATIONAL AMPLIFIER

Operational amplifiers have been avajilable for almost
. ) .
fifty years. The first versions of OAs employed vacuum
tubes and were expensive with a high power'qonsumptidn. In

'

1951, “the first discre;éjtransistorized OA wés introduced.



However, .it was only after the development of inteqrdted
circuit (IC) technology that the wuse of OAs in circuits

enjoyed a dramatic growth [5)}.

< An ideai operational amplifier is a

differential-input, J}ngle-ended-output amplifier with an,

"infinite differential gpin, an infinite input impedance and

a zero output impedance. The schematic diagram of an OA is

shown in Fig. “1.1.
. J’ R ) ’ -
\
¢ Actual OAs do not possess }he ideal characteristics
s ’ !

mentioned above.

Among many non-idealities, they present a

finite frequency-dependent differential gain, a finite input
\: .

*

. impedance, a nonzero \%utput impedance, a finite slew rate

N

and a nonzero common modé{gain. As has been pointed out
[6,71, 'the noqﬁidealities whose influence limit most~the
performance of OA-based'éircuits-are the ';nput impedahce,
the  output impedance and the differential gain. The effect
Gf both of these impedances can be. made neglectable by
choosing an appropriate impedance level‘fof'the network.‘
Thereforé?; the differential gain remains ° as ‘the most

1

troublesone characteristic of the actual OAs.

Because of cost considerations and simplicity of use,
internally compensated OAs with a single dominant pole like
the Fairchild uA741 are much ﬁore popular EE?n externally
cpﬁpensated Ohs. In view of ‘this,‘ only ‘iﬁtetna}ly

compensatéd OAs will be considered in this thesis.

.

' . {

L
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Fig. 1.1: Schematic representation of an
., operational amplifier
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.For such an OA, the differential gain can be ‘modeled .

_ by [8]

» N P
N B
A(s) = °s . : (1.1)
. 1+ Z ) .
1

—

. where Ao is the DC gain, ®y igs the cut-off frequency and s

is the complex frequency variable. Usually, OAs .are.
. #

operated at frequencies much above Wy and egn. (l.1) can be

rewritten as

- * ' (1.2)

* . ' .

where GB and T are the gain-bandwidth product and the time

» . !

constarit of the OA, respectively.
1 \ ‘ -

The model in eqn. (1L2) is considered fairly
accurate in the operating frequeney range where OAs are
commonly used. At higher frequeﬁcies; the 'existence of
secondary poles in actual OA characteristics haS'tq be
accounted for. yHowgver, it has not been'spund'necessary to
consider more than one second;:y pole. In ;his case, a more

b d

accurate model for the differential éain of the OAs is given

L ) 1 @ L :
A(s) = = s . (1.3)
sT(L+4) s81(1 +—B-I) -
\ 2 s

by

5



<

where ©, is the second pole frequency and 6 is the ratio

between the second pole frequency and the GB.

Ali paiametérs of the actual OAs such as A, ¢,, @,,

and 0 vary widely with factors such as temperature, aging,
supply voltages, manufacturing tol;rancesrf"etc. As a
conseguence of this fact, circuit designers tend to restrict
the use pf OAs to cases where such devices can be considered
closeﬂ to 1ideal and avoid situations where the exact
knowledge of OA parameters is necesséry. Exceptions to this

rule are allowed only under specific laboratory conditions

and rarely in a mass production environment.

Since#phis thesis is concerned about techniques to

minimize the influence of the differential gain of the OAs
in both active filters and voltage amplifiers, it is
oportune to discuss such influence in both types of

circuits,

- . 4.
% 4

1.3 VOLTAGE AMPLIFIERS AND THE EFFECTS OF THE GB

Voltage amplifiers (VAs) are important building

blocks which find application in several areas such as

active-RC filters, oscillators, instrumentation, etc {9-11{.'

.ConQentionally, VAz are realized ‘by & single OA wiﬁh two

]

~ £

resistéts‘proviaing negative feedback as shown in Fig. 1l.2.
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Pig. 1.2: Cohventional realizations of VAs
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(a) noninverting - (b) inverting
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~ihe opg;atiné frequency range of .these conventional
VA éealizatiOns, however, is, limited up to only a few
kilohertz. As it will be shown shortly, this i§ due to the
frequency dependent differential gain of the OA which
introduces severe magnitude~and phase errors in the gain 6f

I

the realized VA. .

N o
ket the OA in ‘each circuit be considered ideal except
for its differential gain which is modeled ~as in eqn.
. R N PR
(1.2). Under this assumption, the transfer function of the

positive gain or noninverting VA (Fig. 1.2a) is given by

1
1 + sTK
P

Hp(s) = K (1.4)

~

and the transfer function of the negative gain or invetting

VA (Fig. - 1.2b) is given by

A

<
'.’ l \ »
Hn(s) = Kn (1.5) .
L 1 + sTK
p —_—
where Kp =] + Rl/Rz and K = - Rl/RZ' >

\ L3
- If .the OA were ideal, T would be -equal to zero and

the ¥deal values of Bp(s) and H_(s) woulé be K, and K,

P
respectively. These ideal gains have magnitude and phase
" characteristics.which are both independent of the frequency.

"
o



A look at eqgns. . (1.4) and (1.5) shows that the
effect of the differential gain of the OA on “the
conventional VAs is represented by the error funétign

[

G(s) = —t : (1.6)
l+STKP - .

A *

which multiplies the ideal gain values.

»

In order to establish the limitations of///;he
. ‘ sl
conventional VAs let us replace s by jow and rewrite eqn.

(1.6) in polar cogrdinates, i.e,

1

G(jw) = ]L"zr 1/2 e-jtan (mTKP) i (157)
(1+ (wTK_) ") v
P
.
¢ A little reflettion of eqn. (1.7) reveals that the

conveﬂt@onal foims of VAs\ will behave close to the ideal-

only at frequencies.sucﬁ that

98 i
L} . Ll - I
-

(wtky) << 1 (1.8)

4

) .
and, as a mu¢}l stronger restriction,

1

tan’ wTKp 0 RN (1.9) .
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Clearly,if eqn. ¢ (1.9) is satisfied then (1.8) is
also satisfied. Further, in order to satisfy (1.9), (wTKp)

-

must have a Qery small v#lue. Therefore, leqn. (1.9)
imposes a limit to the maximum operating freq;ency ranée of
circuits employing such VA r;glizations. In practice, this
limit 1is found to be equal to a few kilochertz if 74l-type

OAs with gain-bandwidth product equal to 1MHz are used.

At frequencies where these restrictions are

gatisfied, khe normalized errors in magnitude and phase of

the realized VAs are given by

lal Gerf] ,

"Eﬁ'“" = % (Kpmr)g { (1.10)
P .
|A¢p<jm) | = (K w1) C(1.11)

o g

for the noninveriing case and

jmlﬁn(jw) [

1 2 '
= ~ 5 (K _w1). (1.12)
) K, 2
80, (o) | 2 (K a) S (1.13)

L

for the inverting eircuit. -
c -

\

» # | . I
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Both the magnitude and phase errors will contribute

to the perfbrmaﬁce degradation of the systems in which these

~

conventional VAs are embedded. However, the latter are
typically an order of magnitude greater than the former.
The effect of such errors in active filters: have been

thoroughly examined in the literature [12-14].

&

. -
1.4 EFFECTS OF ACTUAL OAs IN ACTIVE-RC NETWORKS

In the 1last section, the effecgﬁ of the OA finite
gain—bandwidth on VAs were dicussed. However, not all

d;-based networks » utilize VAs as building blocks.

Therefore, it is interesting to use a more general approach ‘

to study the effect of the finite GQ of the OAs in active-~RC
networks. In order to do so, let us consider fifst éinglé
amplifier networks.‘ Later in this section, the discussion
will be ektended to multiamplifier circuits. !

The general configuration of a single amplifier
network (S5AN) is shown in Fig. 1.3. The passive RC neéwork
whiéh embeds the OA "is characterized by the following

-

transfer functions

/

Tli(s) = 7% lv (5;.0 = Eliiil (1.14)
( vi(s) 1 DRC(s) b
. vl(s) i DRC(g)

b
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where the possible existence of private poles in either
T,;(s) or T;,(s) is disregarded. It is important to note
that, for second order neéwprks as it is the case considered
in this thesis, DRC(s) and Nll(s) are second order
polynomials and N

li(s) is a polynomial whose degree is at

most equal to 2.

L)

Under egqns. (1.14) and (1.15) and considering the OA

¢

differential gain to be equal to A(s), the overall transfer

function of the SAN is given by

v,(s) k.N,.(s)
: v.(s) RC
U i Nll+k m)

-4
(/]

(1.16)

1

o

(s

where kl and k are positive constants.

It can be concluded from eqﬁ. (L.16) that A(s) has
no‘.effect over the zeros of H(s). On the other hand, the
poles qf H(s) are modified in two ways. First, extéa poles
are iqﬁ&eﬂucgd: | Second, the ideal poléé of the network,
"i.e, the zeros of D(8) when A(s) is made infiniég (which
are clearly thé zeros of Nll(s)) are shifted to a new

. position.

-
+ h&

L9 '
LR A

p5 g ' )
The introduction of extra poles has small influence

- [

on the transfer functiqn of the realized network because
¢

they are usually E?gjzgg at frequencies much above the
v %

1

e
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passband of the ideal characteristics. The shift on the .

* . -
rdominant poles,so and CR (the * denotes complex conjugate),

are of much more concern{because it can dramatically change
the transfer function rei;ized by the circuit. For this
reason, it is interesting to examiqe such departures in more
details. To do so, let us consider the method proposed by

Fleischer [15,16]: .

In order to appiy the'ﬁethod, let us consider that
i *
the ideal poles of H(s), s, and S, were shifted to the new
- * % .
values s°+As° and so+Aso, respectively. Then,,so+Ago is a
root of D(s) and, thus,

-

D‘ (s +As ) ’
RE_©° 9 . (1.17)
A(s°+AsO) .

\-

Since Nll(s) is the ideal value of the denominator of

9(s°¢As°) = Nll(s°+Aso) + k

H(s), it follows that
.“ * N I " y
Nil(s) = (s-sor(s-so) ) (1.18) .

"and

-

s

. ‘ ' ) N
Nn(s°+bs°) = A so(so-s°+bso) (1.19)

g
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By using eqn. (1.19) into (1.17), 1he following

relationship can be derived

3

: D..(8 +4s8_) ‘ .
As = -k RC_o o (1.20)
A(so+A5c;) (s

*
-5 +
o %o 4sy)

None of the terms in the rigth-~hand side 6f, this

) .equation changes rapidly. Also, for good designs, Aéo

'should be small compared to s_. Hence, the following

approximation can be obtained by taking advantage of ihese
two observations | h

o

4
-kDRC(so)

~ U
A(s,) (8,-8,)

-

N ) . NS r . ‘/

/ If s  is written in rectangular coordinates as
‘v _
5, = o, { 1 +9 (1~ '% )l/2 | S ©(1.22)
-2, 4Q, »

where W, is the pole frequency and Qo is the pole g-factor
and A(s) is modeled as in (1.2), it follows that

=-kD

(s,) -1 ’ ‘
AaO:-—-—-&C—-*-P—{-i-Q—hj(l— —1-2-)1/2 ot (1.23)
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Eqn. ' (1.23) allows us to-obtain a few conclusions
about the effect of the OA finite gain-bandwidth on the

 dominant poles of SANs:

(é) There 1is a change in the pole f}equency (mo) of

the realized network. —

-

- (b) The pole Q-factor (QS) is also changed.

(c) These shifts in @, and do are proportional ~ to
t W, T what indicates that the ratio between the
pole frequency and the OAs gain-bandwidth
product must be kept small in order to realize

good quality SANS".
o

Obviously, . the last conclusion represents a
limitation to the maximum operating frequency of the SANs.
-
It is also important to note that the contributions of
. *x , ’
DRC(SO) and (so—so) makes Aso to be propo;tlonal not only to
do but also to Q_ . Thi's means that the product Q_ w, must

be képt small compared to the GB of the OA to enable the SAN

.
to present a reasonably good performance. N

-

The above conclusions for t&e poles of SANs can be
readily extended té multipleJOA networks (MANs). Tﬁe main
difference consists in thb,fact that, in general,’ thé OAs
affect both the zeros and the poles of the realized Mgﬁs.
Since the defivation pf tpe shifts of the dominant ﬁbles and

zeros of MANs ‘@an be quite involved, no expressions for



3

&

such shifts are presented in this thesis. .'The reader (s

1

‘referred to [17-20] for details of such analyses.

1.5 SPEC&AL DESIGN TECHNIQUES FOR OA-BASED NETWORKS

The analysis presented in both this section and the
last one indicates that OA-based retworks havé their
operation limited . to low frequencies  due to * the
gain-bandwidth product of the OAs used. In active ‘filters,
this limitation becomes even more severe for high Q-factors

/m/(highly selective networks). This problem can be minimized
by eiéhe? the use of high speed OAé or the use, of special
design techniques. Cost considerations make the latter

preferable over the first. In this section, such

special techniques are described and are briefly discussed.
{

Special design techniques for extending the operating
frequency rahge of OA-based circuits can be grouped into
three categories: predistortion, passive compensation and
active compensation. ” )

' Suh.

“ :
Predistortion [15,16] consists basically in modifying

the design in order to take into account the finite GB of °

PR

‘ the OAs. For this purpose, four steps are necessary:
/
(a) The network is desiég;d as though the OAs were

ideal.
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(b) The deviations of the zeros and poles of the
F
network obtained in the first step from their

ideal values are obtained.

(c) Predistorted zeros and poles are obtained by

applying shifts opposed to the ones calculdted
~ ' .

in the second step to the desired zeros and

péles.

Y
(d) Using the predistorted zeros and poles another

circuit is designed while assuming the OAs to be

ideal.

*

P4

The accﬁ}acy of the realized circuit will depend -

heavily on how precise is the deterﬁinatign of the poles and
zeros shifts. Unfortunately, two factors contribute to the
inaccuracy in thfs analysis. First, the. calculated values
of such shifts are usually obtained through approximations
used to simplify the calculations. The second and most
important factor is the dependence of the expressions for
these shifts on the value of T fo£ the different OAs on the
circuit. Parameters of integrated gircuits vary widély with
factors such as temperature, aging, supply vol tages,

%
manuf acturing tolerances, etc., Thus, the predistortion has

to be tailored for each OA and a given set of environmental"

conditions. Even then, it will not likely remain effective
if any change in any of those conditions occur or even as

time goes by. Consequently, this technique works well only

\ h?
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*

under strict laboratory .conditions and cannot be applied in

~~

a mass production situation.

-~

Another possible technique for designing active
circuits is accompli;hed bf using additional RC components
such that their effect neutralizes that of the differentigl
gain of the OAs. This paséive compensation scheme [21] also
depends on the knowledge of the GBs of the OAs.
Consequently, this compensation is tantamount to
predistortion and suffers from the same limitations of that
technigque.

By far, the most effective dgsign technique for

v

OA-based networks ‘that have been presented to date is the
one that wuses ;ctive compensation [22-38,51]. Activg
compensation relies on the use of additional OAs and
resistors to form a structure in which the overall effect of
the GBs of the OAs is greatly reduced. The introduction of
dual and quad OA chips has made this technique cost
competitive with the conventional designs. a

The main characteristic of this scheme is that the
correction of the GB effects depend on the matching of
ratios involving res}stors and the t of the OAs* . Since

this task can bi performed by tuning the circuit and without

knowledge of the values of the OA parameters, active

*It is worthwhile noting that,” in some cases, the
compensation is accomplished by matching only resistor
ratios,
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compensation has an important advantage over the two
techniques discussed before. Moreover, the close tracking
among'resistorg }mplemented in IC technology and among
characteristics of OAs placed on the same chip makes this
scheme effective over a wide range gf variations of the

L)
conditions mentioned before.

There are two apbroaches used to obtain actively
compensated circuits. In the first one, the circuit |is
considered as a whole and compensation is achieved by

satisfying some conditions that deal with the overall

network. Another approach relies on compensating only the

active building blocks used in the mircuit. Let us consider

each approach separately.

Coméensation of the overall network was attempted in
[28]. Although some very interesting theoretical
considerations were obtained, the filter structures
presented in this paper either ﬁave stability problems which
limit the maximum realizable Q-factor and pole frequency or
are wasteful on the use of capacitors. Consequently, this

approach has not been popular.

Active compensation of the building blocks, on the
other hand, became very popular since many already éxisting
conﬁéngionalt circuits can be actively compensated by a
simple replacement of a subcircuit. Such subcircuits are

usually voltage amplifiers or‘integrators.

o
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It is interesting to note that actively compensated
VAsﬁJACVAs) find numerous-;pplicaﬁions not only because the
class of VA-based active filters are largely used but also
because there are many nonfiltering applications of VAs such

as instrumentation, oscillators,etc. y /n

Since a major part of th{s thesis deals with actively

compensated letages amplifiers, it is useful to take a look"

at how this compensation works.

1.6 THEORY OF ACTIVELY COMPENSATED VOLTAGE AMPLIFIERS
” .

Consider a circuit employing m OAs embedded in a
resistive network. Let each OA be assumed ideal except for

its differential gain which is given by

' 1 .
« Ai(s) = g?-; (1.24)

where t; is the reciprocal of the gain-bandwidth product of

the ith OA. It can be. shown . that the transfer function

realized by the circuit is given by an expression similar to

.

‘K(s) = K l+als+azs+....ﬁam_Ls

1+6,s+.. .+Bm_1s“"l+smsm

m-1

0| =,
nln

s A g

(1. 25)‘\
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I3 - - ' N ' . ’ ‘v ‘A‘ " v
/ . . . 2 ‘,r
| - €5
.where a, and 8, (k=1,....,m) ‘are constants determined by the

_ﬁgif?ge transfer ratios and the GBs of the OAs. Further, Bﬁ

- j{ 1 . .
- GmY$ where Gm is a constant uniquely determined by the
I . - - & -
resistive network and yx = .
. im=]

Let us also assume that, in the circd}t, we can set
4 = Bk? k=1,....,m-1. Then, by carrying out the qivision

-of N(8) by D(s), it follows that ve

. m
Gm(svm) }
I B
—
N /
~—_

From this ression, using the fact that Tm is the

geometric mean ﬁof' the ti's » i=1,....,m, the deviation in
/ ) . .

© P -
K(s) from the ideal value K is given by

K(s) = K {1 -

- Ay
.

, m B .
: , BK(s) = K - K(s) = °m‘T1%p Tn)® © (1.26)
K K R D(s) '
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A little reflection, using eqn. (1.26), ,éhows that

if m is even, the magnitude error will be the dominant‘one.,
N,

On’ the other hand, if m is odd, the phase error becomes

v

dominant. v v &

{
h

\ -
Since, 1in practice, Ti << 1 for all values of i,

expression (1.26) seems to encourage the employment of as

many OAs as “feasible to minimize the deviation Ag 3L over

the largest possible operating frequency range. However, .a

set of practiéal considerations limits the des%rable number
- /V'_"\. ] .

of OAs in the circuit: , x

L4

(a) With the present state of techn;iogy, chips with
up to 4 OAs are readii;‘évailglle. Circuits
cont?in%pg more than that qumber of OAs will
lése their cost- efféqgivehess with respect to

. -conventional designs. Further, there is no

tracking among OAs placed in different chips.
N ’i - L

(b)° The. use of higher: number of OAS reduces the:
relative stability margins in the VA8 designed
[29]. These margins are important for various

applicaticns of the Vas.
9

(c) Since, in the derivation of the active

e compeénsation schemes, “the OAs are modeled as in
eqn. (1.24), it <is useless to ﬁhink of

- minimizing the error so much that the circuiF

will theoretically work well even at frequencies

.
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higher than those for which the OA model is
valid. In other words, designing actively

compensated VAs with an excessive number of OAs

t may be equivalent to using a tod simplisffé

mode% for the OAs.

By taking all these factors into consideration, it

can be shown that ACVAs employing more than 3 OAs will-be of

‘doubtful utilif&.

Circuits ' employing 3 OAs have higher operating
frequency range than circuits employing 2 OAs. On the other

hand, 3 OA  ACVAs are more complex and expensive than 2 OA

! "/ *

H

ACVAs, comparing the erformance , and complexity
By com p u

exhibited by these two types of circuits, it becomes clear
that there is an operating frequency range at which 2  OA
circuits are preferable over 3 OA realizations in spite of
the smaller errors présented by the latter. This is due to

the fact thaqﬂ'at this freqﬁency range, the performance of R

OA realizations is good enough to justify the rejection of

‘?‘/"
the increase in complexity and costs caused by the use of 3
‘ !

OA ACVAs. Of course, at frequencies above this range, the
performance of 2 OA circuits deteriorates and more complex

Q;galizations must be wused in order to achieve the

specifications of the application at hand.

Several works have been published dealing with

>

actively compensated VAs using 2 OAs. In the great majority

AN
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of them, however, the appréach has been in an ad hoc basis,
that is, circuits were selected at randefi and their

properties examined, as opposed to a systematic and general

study. Only three articles have attempted a general ‘study

of the problem, namely references [30-32]. * .
A general study on 2 OA ACVAs was first reported in

&

[30,31). While interesting insights of the problem were

provided 1in this study, only broad gquidelines wet€/§4ovided

'for the classification of ACVQS. These are then .used to
. T,

group . some previously reported ‘circuits as well some new
realizations ihéo 6 classes. Generation procedures,
however, are not at all addressed in these papers. In fact,

all the ACVAs reported were presented without specxfylng the

considerations from %«hlch they were obtained.

"In (32], a more thorough study than in [30,31] was
. 1
attempted. However, results are not fully satisfactory. 1In

particular, the magnitude compensated VAs reported in this

. article possess phase errors that prevent their application

in most applications. Further, their glassification can be

sﬁoyﬁ to be equi&alent to the one proposed in [30,31].

On the other hand, very few articles [35-36] have

been written about ACVAs using 3 OAs. Further, in all of

them, the approach was on an ad hoc basis. No general study

of 3 OA ACVAs hag/heen presented so far. -t

Y%



1.7 SCOPE OF THE THESIS

The purpose of this thesis is to present the results

of a systematic .investigation on the generation and
v .

classification of actively compensated voltage amplifiers as

-

well as to report a new approach to the design of actively

compensated active filters.

Toward® this end, a comprehensive procedure for the
classifi?ation and generation of ACVAs using ‘%EEQAS is
described in- Chapter 2. This classification is based on a
set of both practical and theoretical considerations.
Additional considefations aldmw each class to be further
divided into types. The characterization of each type leads

directiy to circuit realizations of ACVAs. At the end of

this chapter, the circuits obtained are evaluated with

., respect to performance characteristics such as magnitq@e and

phase errors, stability considering the second pole of the

OAs, tunability,etc.

In Chapter 3, the investigation initiated in Chapter
2 is exteé&ed to include ACVAs using 3 OAs. Due to the
unique pfoperties of * 3 OA circuits, the procedure used in
the previous chapter cannot be readily eétended' to this
case. Therefore, the classification and generation method
has to be tailored to this special situation. By deing so,
some very interésting results are obtained in addition to

the realizations themselves. Ih particular, it is proven

a
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that it is impossible to design a tunable inverting ACVA
using 3 OAs. Finally, the results of an evaluation of the

circuits obtained with respecf to the Dperformance

charecteristics mentioned befpre are reported.

In Chapters 2 and 3, the design of VAs are considered
regardless of the circuits in which they are used. A
different approach is réported in Chapter -4. In this
chapter, the overall circuit is considered and novel active
compePsation conditfbns for active-RC filters are derived.
Based on these conditions, it is shown how alrgady existing
filter realizations can be modified in order to compensate
them acé}Vély. Further, a simple technique to optimize the
performance of such modified circuits with respect to the
alreédy reduced effect of the GBs is described. By dof%g

So, the operating fre§uency range of active-RC filters can

be significantly increased.

i
The results obtained and sugges'tions for future work

are summarized in Chapter 5.

{
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CHAPTER 2

CLASSIFICATION, GENERATION AND,DESIGN
OF
- ACTIVELY COMPENSATED VOLTAGE AMPLIFIERS

USING 2 OAs ‘/

2.1 INTRODUCTION

The purpose of this chapter ié to provide a refingq
and rigorous classification as well as realization groceé@fé
for the ACVAs that use 2 OAs. A systematic synﬁhesisw
methodology is described for the generation of both
nohinverting and inverting ACVAs possessing either finite or

infinite input impedance. *

-

‘First, a general model for “a 2 OA ACVA is analyzed
and some conditions on the resistive network which emugéf\\
the OAs are derived. Based on these\conditions, ACVAS are
divided into sevgral classes. Some fuéther' considerations .
allow each class to be partitioned into types. Then, for

each type, ACVA realizations are generated directly from the:

characterization of the types.

'

Next, the design of the circuits obtained is
considered. All the circuits obtained are analyzed with
resﬁect to performance characteristics such as magnitude and

phase errors, stability considering the second pole of the

&
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OAs, etc.
9

Finally, the results of practical experiments using

' the ACVAs as stand-alone elements as well as in an active

filter application are reported. -

2.2 PRELIMINARY'CONS IDERATIONS

%

The general configuration of a 2 OA ACVA is shown in

Fig. 2.1. The OAs are cogﬁidered to be ideal except for
their differential gain which is expressed as 1in eqn.

(1.24).

If Vi is taken as output, the transfer function is

h

given by: .
-\ { |
v lva. 1.5
R 12 (2.1)
v ) 2
‘ i l+[bl1’2+b2‘rl]s+b3tlrzs , ‘ ) ‘.
where ’ ’ o
£.F - £ F

K = 212 121/\“ , (2.2)

Fi1F22 ~ Fiofet

f

a, = 1 . (2.3)
£2F12 = §1Fn |
B 1 . ., o
. by ® ———tl IR : (2.4)

F11F22 = F15F2)

it oAt st =

- gt
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F / A
[3 -
b, = 22 : (2.5)
Fi1F22 =~ F1Fa
1 .
by = (2.6)
Fi1Fa2 =~ F1of
and /
]
MY h=1,2,1
F | ’ - 14y
ki vj vhﬂj.o
A j ’/
/’
]
v ./
fk = -—kl -y =0 . /:/'o
X V-ﬁ'vl v2 " //
1 ,
. /
) / s -

for k,j=1,2.

The fact that the circuits must be stable leads to

H

the following restrictions
. ]

» T

. F11F22 - F12F21 >0 (2.7)

f,. N

F . ©(2.8)

3

221 v F1p2¢0

5]

In this case, it tollowé from (5.2) that

—

g v SUEPRC S U
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£F1a = HFp > 0 (2.3)

for nohinverting circuits and - —

f2F12 - leZI <0 (2.10)

_for inverting ACVAs. -

- -

: f

~ . FPor both cases the compensation conditi3h\ég\given by

4
Foy

~ * L [y

\

\ ..1 5 : "
Footy + F P Ty = -,k "1, (2.11) g
. N . K
and, conkequently,
£,20 | i (2.12)
”for positive gain ACVAs and . C .
/
R {
fl'c 0 R o ‘ (2.13)

for negative gain realizations.

Fs



In order to
independent of the GB

considered satisfied

Fll =F,, = 0 is not
(2.11)  can be satis
T2 , that is the co
resistive network. I
used in order to make

T, vaty.

,
Each voltage v

where v; and v, are t

k
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make the stability of the circuits

s of the OAs, eqgn. (2.8) will Dbe

only if F11 <P and F22 < 0 (obviously
acceptablg). In the case F22 = 0, eqn.
fied regardless of the values of T and
mpensation will depend only on the
f lez ¥ 0 , then tracking OAs should be

the compensation effective when T and

r

L}
K (k=1,2) can be written, as

.4

(2.14)

he voltages at the noninverting and- the

inverting input terminals of the kth OA, JEespecpively,

referred to‘ground. Hence,
v, vh- v
k k Xk + -
F e = = =. = F . = F . 2‘15)
kj V5 |¥n 0" vy |Vh 0 kj k3 (
h#§ = h#0
' v, - v,
. _ Y% oV k P (2.16)
,fk = ",_; ——*—_—'\ Vi fk fk .
~ v1=v2=0 vl=v2=0

P
Y
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t 1S

Also, because the F .'s and £ 's are realized by a

k3 k

resistive network, it is easy to show that the following
1 e
restrictions must hold for all k=1,2

2
+ + .
£, + L F . <1 (2.17)
k" 5ay KIS
- % - '
fo+ I Fosl o (2.18)
=1 g
&
—~—
"
* 2 .
C0sFg sl , (2.19)
i o )
0< £ <1 - - (2.20)
TN, ’ ) a

\

¢

Y .
2/)/ CLASSIFICATION AND GENERATION OF ACVAs
3

The conventional realizations of VAs (Fig. 1.2) use
only one OA and, as a consequence of this, the noninvérting
and the inverting circuits possess infinite and fihite_input
impedance, respectively. . Y%

/

Considering the ACVAs, waever, two or more OAs are
employed and, therefore, it is possible to obtain
‘realizations possessing either infinite or finitg input
impedance for both the poninverting and the inverting types
‘of.ACVAs. Although circuits_with high input impedance are

considered to .be preferable in general, an ACVA which
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péssess finite input impedance may also present some kind of
advantagé like smaller magnitude and phase errors, better
stability margins or even less compoﬁent counts. For this
reason and also becauseA their generation is achieved in
different gashions, infinite input impedance (III)' and
finit® input impedance - (FII) ACVAs are considered as two
different groups of circuits. Hence, they are . treated

separately in the remainder of this section.

2.3.1 Infinite input ‘impedance ACVAs

tv‘

For the most economical realization of the ACVAé, the
resistive network shown as a block in Fig. 2,1 should
contain the minimum number of reéistors. Clearly, then, it
must contain  as few nodeés and branches as
possible. Further, any branch between any two nodes mugt

L

represent a single resistor. Henge, the most general

3

configuration of the resistive network is as shown in Fig.

2.2 where each branch represents only one resistor.

'

Based on this general configuration, it |is ,not.
difficult to show that the input curgent I, , the current
th;; would bé)drawn from a voltage source of value+ vy
connected between node ! and éround, is given by’
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4

+ - + -
k$¢‘li = EGl,4(l-fl)+Gl’5(l-fl)+Gl'6(l—f2)+Gl,7(l-fz)lvi-
+ - + . - S
A<EGl,4F11+G1,5F11+G1,6F21+G1,7F213V1 o
w‘_ + - + -
a EGl,4F12+G1,5F12+Gl,6F22+G1’7F22]v2 (2.21)
where Gk,j = l/Rk,j aﬁd Rk,j fs the value of the resistor

connected between nodes k and j.

0

If the ¢ircuits are to have infinite input impedance,

Ii must be' equal to zero, There are two ways of

accomplishing this. Either the/circuit can be designgd in
such way that vir vy and Vo will always assume values that
reduce eqn. (2.21) to zero or Ii can be made equal to zero
regardless of the values of these voltages (th%§ requires
tﬂé coefficients of these voltages in egn. (2.21) to be
equal to zero). Because of sensitivity and complexiéy
considerations, the latter is preferable over the first.

P

From Fig. 2.2, we note that if Gy | A
- 1

- -(‘

* = 0, for k=4,6. Also, if G

Elk-2)/2 1,k =0 fi3y2 ™ Oy

for k = 5,7. Further, it follows form eqns. (2.17) .and
+ + +

‘(2n18)‘that if fk = 1, then Fkl = sz = 0, In view of these

observations, if' is ®asy to show that the necessary and

R ¢
.sufficient conditions for IE to be unconditionally equal to -

zero is that the fk’s 5Ssumé values equal to either zero or
one. ,Cogsequently, the;e'are 16 ways of assuring infinite
input impedance for the cfrcuits. Soﬁe of these ways,
however, conflict with one or more of the egns. (2.7) to

(2.13) and (2.17) to (2.20). Only five Of them satisfy all

these conditions. They constitute classes* of ACVAs of the
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IIT group ard are shown in Table 2.1. In the same table,
the characterization of each class in terms of the
topological connections -between the input of thgfoverall
network and the input port of each OA is also indicated.

L

Detailed analysis'has shown that the realizations belonging

'to classes NI2C and II2B require very complex tuning

N .

procedufes and, ‘50r=this reason, these classes will not be

considered in the remainder of this thesis. - .

-

At this point, a closer look at each of the classes
S

is necessary in order to enable us to generate circuits for

“ !

them,

\

"2.3.1.a Class NI2A realizations-

/

v . &

For this class, we haverthat: )
\ )
P - + + .
gl = lﬁ.) F ’a Fll =

12,

A

-t

f.? = 1, => F- = F-

2 21 22°

+ A % N

. ot ) 0
Thus, it follows that the DC gain ' and the compensation

'1

-

* It should be noted that the first letter of the name of a

class ipn this thesis is either an N for noninverting

ﬁqircdits or an I for inverting ones. The second letter is

‘an I'for realizations of the III group or an F for those 1in
the FII group. Further, the third digit is a 2 for 2 OA

ACVAs or a 3 for 3 OA circuits. .
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TABLE 2.1: CHARACTERIZATION OF THE CLASSES OF
INFINITE INPUT IMPEDANCE (III’) ACVAs.

aass | £5 | £ | 5 | £
NI2A 1 0 o | 1.
’ NI2B 1 0 0 0 ///
NI2C 1 0 1 0 -
112A 0 1 0 0
1128 o | 1 1 | o
;o
/’// : "
. N / B \
- - ' )
- 7 -
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conditidon are given by /

]

SN 1 :
K & comu. R b . . (2,22)
+ \ ,
F21 .
Fo. = g1 (2.23)
1" .

The realizations .for this class can be obtained by
means Of sequential ‘eliminations of resistors from the
general configuration shown . in Fig. 2.2, These
eliminations are basgd on the characterization of this class

and lead to minimal realizations. 'This is shown next.

Consider, again, the general configuration shown in

Fig, 2.2. As a conseguence of the characterization of this

; -class, the following resistor eliminations are performed

A

f+

11 ™ 6,477 + 8,4 %%,4 "%,6%%,7" %,8"0
« oy '
fl-O => 91;5,'0 L .
N
C } v
ff a0 =G . =0
2 s .
Y = ) -‘ ‘a = ‘ ' \
£a %1 =Gy 97 1 68y9783,77 6,77 G, "0
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«2.3,1.b Ciass NI12B realiz&tions
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¢ L

Further, because the value of FIZ can be arbitrarily

set to any non-zero quantity, Gs 8 is not really necessary.
14

It is interestizg to note that since by is minimized by

making G5 g = 0 this choice also minimizes the magnitude

’

and phase errors of the gain of the ACVA of this class., The

-

final graph is shown in Fi§. 2.3 and itk corresponding
circuit is shown in the first row of Table 2.4. The general

properties of this realization are shown in Table 2.5,  From

this table, it 1is seen that this circuit does not require

tracking QAS for compensation.

7

For this class, we have that Q%QQ\\

+ + +
fl = ] = FlZ'- Fll = 0

' -
N

£ 2 ™.

+
1~ -

0 _ .

1Y

The DC gain and the compensation conditions,are given

“r

,,x
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The graph for the resistive network for
the real'ization of class NE2A after all

possible resistor e(iminations are performed.

s

%
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- |
K = 22 (2.24)

F11F22 ~ Fiofay

A

- —1 -
Frafa ¥ Folp = 7K 7T, (2.25)

' ‘ »

From egn. (2.25), it is seen that the compensation

depends on the values of the GBs of the OAs.-

A closer look at egqns. (2.24) and ‘(2.25) indicates
that thé DC gain and the compensation condiéion can be
adjusted independently of each other only if F;l = 0. This
is a . desirable property because it simplifies the tuning

o

process. In this case, these equations can be rewritten as

f"/‘
] .
K = 22 . (2.26)
. - F1aFgy ' '
F._1. = Sg-1q (2.27)
221 7 ° 2 .

Different realizations can be gbtqined if we attempt
' + +
to realize F,,, Fzz and F ) in different ways. ﬁote that

‘minimal realizations are obtained whenever these transfer
v ¥
ratios either assume values equal to 0 or 1 or, also, if the

summation of transfer ratios to the same OA input node is

-
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TABLE 2.2; WIFFERENT TYPES OF ACVA REALIZATIONS OF
CLASS NIZ2B. e ‘
TYPE 2 | B | By | By | B REMARKS
NI28-1 1 x 0 0 x —
NIZ2B-2 x 1’ x 0 x F;1+F22 -1
NI2B-3 x x 0 Y x -
NI2B=-4 x 1 0 0 x $ —_
NI28-5 1=y x 0 x 1 —_
NI28-6 x ‘x 0 x 1 F+F}, = 1
NI2B-7 1 x x 0 x P tFy, = 1

)

NOTE: x has value between 0 and 1

[
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‘equal to 1. Shown in Table 2.2 are all possible
coﬁbinations of these ratios that will lead to realizations
which employ 4 or less resistors. Each combination
determines a different type of ACVA circuit belonging to

class NI2B.

The ealizations of each type can be obtained using
the same elimination procedure that was used for class NI2A.
To save ébace, the description of the steps will not be
repeated. The circuits obtained are shown in Table 2.4.
Note that the ACVA presented in the seventh row of this
table is too complex and has no advantage over the other
realizatiéns. Therefore, it will not be considered in the
remainder of this thesis. A summary of the general

propertieé of the realizations of class NI2B is shown in

Table 2.5.

2.3.1.c Class II2A realizations

-
y

Regarding1 class 112A, the DC gain ‘and . the

compensation condition are now expressed, respectively, by

/: . [ 2
» ~F ,
K = —=22 (2.28)
FiafFa1
Foot, = K-lr ' (2.29)
2271 2 : . .
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In this «class, there are three different ways for
+ + |

 realizing Ft_, F. and F,, with minimal number of resistors.
12 22 21
Each of these ways determines a different type of class II2A
N .
realizations. These are shown in Table 2.3. The circuits

corresponding to each of these types are obtained throygh
the elimination procedure mentioned before-and are shown in
Table 2.4. . The general proﬁerties of these circuits are
shown in Table 2.5. Note that the compensation condition
for the realizations of this class depends on the values of

the GBs of the OAs.

»

2.3.2 Finite input impedance ACVAs

For the III group of ACVAs, classes were generated by
nulling the input current of the overall network. Fqr
obvious reasons, this approcach can not be "extended to . the

finite input impedance (FII) group of ACVAs. Consequently,

%

"a different methodology for generating sucﬁ*circuits has to

be created.

In this section, it 1is shown how the bréad
classification pfesenzed in [30,31] can be modified and used
to obtaiﬁ' a synthesi;—like procedure for the generation of
ACVAs of the FII "'group. For the sake of organization,
however, this section\will be divided into two subsections:

one concerning noninverting structures and other considering
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L)

TABLE 2.3: DIFFERENT TYPES OF REALIZATIONS
OF CLASS II2a

0 . - e +

el o, | g | B | By | By | B REMARKS
I112A=1 1 0 0 x 0 x - —_
I112A-2 1 0 x x 0 x F§2+F51 =1
112A-3 x 0 0 x. 0 x F§2+F§I =]

NOTE: x has value between O and 1
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TABLE 2.4: ACVAs OF THE III GROUP

TYPE CIRCUIT TRANSFER FUNCFION
1
1+ —eme
NI2A . 671 (i-a) 2"
1+ 2 1,8 + 1 T, T 12
B(l=a) 2 p(l-g) 12
(253
NI28-1
t301 '
1
+ =
NI28-2 p'l 1 a -:2:
1+ 1—1: s + l—-r k1 32
S ST I
- Q7]
N128-3
[2611.
a 1+ 4-}; 1:21
NI28-4 F « 1 2
5 1+B-1:13+—11123
L+ St
NI28-4 (8+1) B+ 2"
1+ (@H)r s + (atf+l)e 5ys”
£26)
NI2B-4 sr 7 T00 COMPLEX
ar N v
(1-83R {(1-0)8
——l - /
—1 .
v 8-13 B-l+af
N128-5 * Ly =g 2t
] -
___ﬁ_._c:_. * l+5115+w111 ol
(301 os af 2
e *
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TABLE 2.4: (continued)
TYPE CIRCUIT TRANSFER FUNCTION
"
- -1 1 + -1- 123
NI2B-6 t1-8n ) T g :
1+ 5— L + —E 1112l2
30 ak {1-a)
NI28-7
112A-1
31
I12A-2 e — - .
. -~ [+ 4
L e e A T L
1
1 +~=-1.8
I12A-3 a(ru) a 2 -
. B A T I L PSP
Bll=a) ‘L -2y “1%2
€311 3 : ‘5 ‘

P ———
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TABLE 2.5; PROPERTIES OF THE ACVAs OF THE III GROUP

o

o

1YPE " |pC-carn| COMPENSATION|DESIGN EQUATIONS|PHASE ERROR|MAGNITUDE|STABILITY
CONDITION ) . (*)| ERROR(*)|CONDITION(**)
- 4
-1 -1 " Kuwt 3 Kwzt 2 2.5
NI2A | B a =B B=an=K -5—-12— (LFF))— 8 >2- 22
(K-1)
N128-1 4
-1 -1 3 2 1.5
N128-2 5} ~ at) = Btz ] -'a\vl_(_ - (Kwt) (Kwt) 8> e
NI2B-3
NI28-4 \ o =kt ~
lst S [ - ) | kwed? p> L3
8 1 2 -2 K
CIRCUIT B -
aTt -
nzed : 2 8 =Kl 3 2’ 1.5
2nd B+l (p+1) Y = (Kwt) (Kwrt) 8> T'
CIRCULT -(8+1), a = K(K-1)
(8-1)+
2 -1 3 2 1.5
- W m——— - - - D —
NI28-5 B |a BET ) Bma K (Ruwr) (Kurt) 8> =
Il ! X
v a ’
nr2s-6'| 87 | ar, - B, a=p=xt - men? | wo? | e>i2
]
? « |Ff2" s X! "3 -2 1.5
NI2B-7 aTa'-T 2 o ey | = (Rem) (Kwt) 0> 3=
a tr(a-l)tz 3 = 1=K +K
(2 + atl)t,=
, g |P 27 B = K(K+1)+1 3 2 s
-1 - . (Kwt) (Kurt) 6> —=
5-11 a = =K-1-K \

L
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v

&

.
A

-

i N . .
- ©  TABLE 2.5: (continugd)
COMPENSATION{DESIGN EQUATIONS|PHASE ERROR|MAGNITUDE|STABILITY
TYRE  |DC-GAIN| “ryip 110N (*) (*)| ERROR(*)|CONDITION(**) :
2 -1 .
e t,+at, = ) a = -K
1 -1,
112A-2 | =3 : ()’ wn)? | 6> ‘T(z
l-a-§ (l-p)rz B - l-K-zﬂ(-l '
. Btz - Q= -K-l :
_ -a 3 2 -1.5
23 | ot 2 .o 1 jxm) (Kurr) 8>
) r‘-a) 2 K(k-1)
14
1 (o3
" CONSLDERING Al'(-) = A8 == ) .
(**%) CONSIDERING A,(s) = A,(s) = L '
st(l + 35
S ‘
AN
), "
, ( v @ '
o '
L 3

A
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inverting circuits.

2.3.2.a Noninverting ACVAs of the FII group

4

Consider, again, the genefal transfer function of a 2

OA VA as expressed ‘by eq. (2. 1) to (2.6). In order to
¢

simpley the matching of the coeffic1ents of the s term in

the numerator and denominator of (2.1), either 11 or 22

(but“QPot both at the same time) will be set to zero. By
doing so, two distinct classes of realizations are derlved,

namely class NF2A (char3éterized by F22 = 0} and c}ass NF2P

L. r
(characterized by Fll = 0).

For class NF2A, ‘the restric¢tion (2.7) <can be &

rewritten as: - ' "

F12F21 <0 | (2.30)

©
- R 4

ahd because of this restriction two subclasses ,of

realizations can be obtained:
\
L SUBCLASS NF2AA: F12 < o,ﬁrzi > 0

-

SUBCLASS NF2AGk Fip° o, Fyy <0 .

» - Realizations for both types can bé generated if we,
+

attempt to realize the ij's and fk's transfer ratiog using

different combinatioifs. Each combinatipn ‘will . lead to a
' vk ' ‘ : :

,./ . Q
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differentg typé of realizations belongiﬁg }o one of the
subélasses mentioned before. All the types have to agree
\wlth ihe restrictions implied by egns. (2.7) to (2.9) and
(2.11) to (2.12) . Therefore, there are only a limited

number of combinationg for each subclass. The possible

types are shown in Table 2.6 for both subclasses.

' ?_Q i f '

A looksat tﬁis table reveals that ACVAs belonging to

©

types NF22AA-2 and NFAB-2 can only realize gain§ at most

equal to one. Hence, these cases will only lead to voltage

!
followers.

9

" For each of the types in Table 26 , circuits can be

obtained by applying the resistor eTmination procedure

)

mentioned before. The resulting strugtures are shown in

Table 2.7 &ﬁile the general properties of each circuit are

?
shown in Table 2.8. Y

oo 1
Considering class NF2B, f may be either

2
negative,zero or" positive.{ Also, for this class, the
restriction (2.7) can be rewritten .as in eq. (2.30). As a
'consequenca of these two observations, jthe realizations of

class NF2B ° can -be grouped in one of the following

subclasses: R ’ S ’ .
3 \\ ™
SUBCLASS FFZBA: fz =0, Fiz <0, FZl >0
SUBCLASS NF2BB £, <'0, Fi, <0, Fyy >'0

~
LY

ny .
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TABLE 2.6: TYPES IN CLASS NF2A )
, et | e- | et - + T | -
TE | FL [FR fF | Fu [l | [Fa[Fa | | 2
NF2AA-1 0 | «x 0 X x 0. X 0 . 0 X.
Nem-2| 0 [ x |0 | x| x| o] 1| xfol] x
wr2an-3 | 0 | x f 0 | x [ x fo o | x| 1
Nezwma-4 | O | x b o | x [ 1 [ x {x o] o} 1
"INF2AA-5 | O ‘i 0 X 1 X X 0 | «x 1
NF2AB-1 | x 0 0 X x | 0 0 X X 0
NF2ag-2| x | .0 | 0 X x | 0 | «x 1 X 0
NF2AB-3 | x 0 0 | x x |. @ 0 .| «x 1 X
NOTE: x has value between 0 and 1
. e ‘ ,
N v . ‘A_ e o
s
. ) a .\
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TABLE 2.7: ACVAs OF CLASS NF2a

i &
TYPE CIRCUIT . TRANSFER FUNCTION
/'
L 7
7
. 1
NF2AA-1 al ¥ (Ih) 12s )
1+ -n-——r-Tz 2 m— 11 7
, [263
- 1+
NF2AA-2 B(&-u j)“ 28
ak ‘ - [ 4
A ) : L [er IAPURE To e LTS
 § 5
C (a,*a,+a,)
+
a.%a ¥ Ts$
NF2AA-3 i 3 S— (‘;1 €'3”(1'“” 2 )
1 al8y a2 ! 3 *aptay 2
W 1‘ al “Zs "'.—(T‘—)"‘" 11'25
> 2, +a
- 1+ 1 2 T,
‘ -1 32 2
NF2AA-4 8 - ]
1 1727} 2
1*?125 +_-—————525 tlt‘zS,
o __ (a;+2,) (b, +b)*b,)
3 - 1+ T,8
‘ b,+b 1 (b +D. ) 2
NFZAA-S A R, */a, 173 2 1)
) . a7, | > e bl lfl(bl"bfb:l) Ahlﬂz"‘:!”bl*bzb )] 2
5, —= b 2” AN F1728
o B I e = -
- YR - e
P 1+ 3
NF2AB~1 ) g1 7 %2
. . a Q-R. R - .5t 1 rr?
— ) =78 2545 7s
303 L] 1-8)R ' 'Y 8 _\1 B-r172 »
)
/
. T
NF2A8'1 1 + a . . - l 2
Ty Tasy 2% * I3 TasaT "172°
1+
NF2AB~2 a(i'ﬂ ‘YZS ,
! (1-83R
L a7 "28 Yars T o
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TABLE 2.7: (continued)

TYPE CIRCUIT TRANSFER FUNCTION
= ) v(a, +a,+a,)
(1R - 17273
‘ o-v .Y. (.1+‘3) l :([—7)[‘1+a3) Tzs
- R/
HF2aB-3} | e, - - ;o (- 3y .+ B(a1+a2+a3) . +"(a1+az+a31 .
May e M § 02 [ PR T=T2, "1%2
9
. { - j S
B
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TABLE 2.8: PROPERTIES OF THE ACVAs OF CLASS NE2A

TYPE  [DC-GAIN COMPENSATION [DESIGN EQUATIONS PHASE ERROR MAGNITUDE STABILITY
CONDITION " {*) ERROR( *) CONDITION( **)
o« B )
-1 -1 2/ -K"a 3 K 2 ‘ ) a
NF2AA-1] B y " af _ -—7(:.;1) TY‘T(“") (1 ar%—-
. geX ! (1) e 14
. s
y* P
a< 0.55°
vra 3 we)? 2(1-a)
n2m-2{ | yra 2 2 {wr) wt p> piial ¢
o - 2o 8(1a) Bl . °
¢ 3 2
2K
“W o2 2,3 2
3,4, 3y . ~K(11012HJ) {ut) K(Ol*lz*aj)(uﬂ Z(K—l)dl 1
AC e el L il R T Oy, X
1 M (K-1)“a$ (K-1)ay ) teyray
a® K-x
‘—] " m - X : -
a,+a h T -KZ(I rata )(m)3 (a;+a,%2 )K(m)z 3
NF2AA-G ﬂ-l : 2. ﬂ-l .._2. . x %xj“:! 172 53 9>2(:%-1) _ 1 2"1
A 3 2 1 (alwaz'a])
g ekt i
b 6" L
TR ) 2 2x-11b
bpbg dwlg b)*b; l: (llﬂz“J)(bI'bzﬂ,s) hl"zﬂz)(blybz’b]) 8> B, %5, +b. L
NF2AA-S Tl— —"—1_‘ -Kl—,-‘—1 . k-1 » (K-l)lzb}’ ( ‘Zbl 172
3 2 4
b Ay | * {we) xfwe) ' -
2. /7,0 1
K+ b'; -z(xtiT) . ('!"2"3)
as0.5(—Ly +2/71"
\ x ‘ .
I S a 4 K 2 K 2 Aly) K
NF2AB-1{ B "R V. —-z—z(m) — {wt) 9 ’-—z-x—-
p :;z (1=} {1y} Xy i_
g oxt
- a
14 ' a'
as 0.5(0.50202)"
" | I 7 K 3 X 2 21y}
NF2AB-1 (‘G’B’ Y T -tﬁ-;;z(m) TT'—Y-T(M) 8> --V—J—-§z
g K.l-c ,
y = ak
2
NFIAB-2 1 Y “p ‘l‘gh - {z bt | (W)J (nﬂ) 9> 20(1’!) -
B, a“{l-y) eitmy 8 %
b 4 (1-4%) X '
-~ [P i[(al\~a2v|3):]'4.'
- ¢ h I T
weasls| SL03 fy L 0t s ! {4yt 4a4) wn? los Alyley ]
Y LI L 3 vy st
n (we)
1ty
Ve
Y
o). ¢ . !
{*)» CONSIDERING Al") AZ(S) = ,
{**) CONSIDERING A,($) = A () = —mmeen |
1 ] St
. . ss(] + rl
“n
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>0, F

SU?CLASS NF2BC: . £ 12 © 0, 21

SUBCLASS NF2BD: £f, =0, F >0,F <4a

12 .

SUBCLASS NF2BE: £, <0, F >0, F <0

2 12 21
SUBCLASS NF2BF: £, > 0, Fj, > 0, Fy; < 0
' Further analysis, however, shows that the

realizations of subclasses NF2BD, NF2BE and NF2BF possess
very complex tuning characteristics and, for this reason,

they will be disregarded in the remainder of this thesis.
A '

Again, the generation of the circuits of class NF2B

* can be accomplished if the tranfer ratios of the resistive

networ%, Fij's and fi's, are’ realized using different
combinations. The possible combinations are shown in Table

2.9. Some observations are in order at this stage:

. (a) .Types. NF2BA-10 to NF2BA-13 will only lead to

\ circuits whicﬁ can be obtained by connecting a
resistive voltage' divider at “the input of some

of the infinite input impedance circuits shown

in Table 2.4. For this reason, these types will

not be considered further.

(b) Type NF2BA-3 leads only to circuits whose gain

is equal to one.

(¢) The same applies for types NF2BB-3, NF2BB-5 and

NFZBC'I )
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TABLE 2.9:TYPES OF ACVAs OF CLASS NF2B

Lo RN
NPBA-1 | x J o oo} x| 1 fx |00 ]
NF2BA-2 x 0 0 ] X 1 x 0 X 1
NEBA-3 | x | 0 | 0 | O [ x 1 1| x | of «x
" fwreeae | x |0 o] o x| 1| x| x| o]
NF2BA-3 1 X 0 0 0 3 X 0 0 3
wema-s | 1 fox J o fo o x| x]|o0 x|
NF2BA-T 1 x 0 0 0 H 1 b3 0 3
NF2BA-3 1 X 0 0 X 1 1 0 0 | x
NF2BA-9 1 X ] 0 X X X X 0 x
NF2BA-10] X 0 0 0 X 3 b 0 0 3
NF2BA-11] X 0 0 0 X X X 0 x 1
NF2BA-12] X 0 0 0 x“ 11 1 x 0 X
weBa-13( x | 0 | o] 0o | x 1 1 oo x
NF2BA-14] X 0 0 0 X 1 fonx X. )] ¢
. NF2BB-1 X 0 0 3 0 X X 0 0 X
NF2B8-2 x 0 ¢ X ] X 1 x ] x
NF2BB-3 | ! x 0 X 0 x X 0 [0 x
- NF2BB=-4 1 X .0 X 0 X 1 X 0 X
‘ - | NF2BB-5 | X 0 ] 0 x X 1 x 0 0] «x
NF28B- ¢ X 0 0 X X 1 1 X 0 X
NF2BC-1 X 0 X X 0 x 1T x 0 0 X
o NF2BC-2 | X 0 X x X 1 x 0 0 x
| NE2BC-3 1 x X X . 0 x X 0 0 X
X
.° . NOTE: x has value between 0 and 1 ’
L ’ .

l\ J‘
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(d) Types NF2BC-2 and NF2BC-3 will only lead to
- o

circuits with complex tuning procedures. . For

this reason, these types will not be considered

further.

For each of the types of class NF2B, circuits can be
.generated by apply}ng the resistor elimination procedure
mentioned before, The resulting structures are shown in
Table 2.10 while the general properties of each circuit are

shown in Table 2.11.

2.3.2.b Inverting ACVAs belonging to the FII group

Inverting ACVAs can be generated using Ege same
o &5

approach that was used for noninverting realizations. For

this reason, the application of the procedure to inverting

structures will only be described briefly .

[y

First, two distinct ciasses‘ of inverting ACVK%,
classes Igza and IF2B, are obtained by making F22 = 0 and

, Fll = 0, respectively.

)
For class IF2A, restriction (2.7) can be rewritten as

eq. (2.30) and, therefore, two subclasses of EE;lizations

-7
are possible: . ,

S

SUBCLASS 1IF2AA: F12 < 0, F21 > 0

-

rm ARty Wb a7 s
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TABLE 2.10: ACVAs OF CLASS NF2B

N

TYPE "CIRCUIT TRANSFER FUNCTION
YQL
-y I !
A . « 1+ é— TS
NF2BA-1 B a_ I Z
t rYﬁ st Y—ﬂ-tlczs
1
1+ T 125
NF28A-2 1 1 H
1 +1-’-1:1$ +-Y-2-tltzs }
(a 1*ag%a,)
(2, +a,) (al*a DL
NF2BA-2 a (a +a.} {a. +a +a7
1 1+ 3 2 S2
Ydl 11 yal 1112
fras ) 1
1+ G— 125
NF2BA-3 I I .
1+ Y—rls + -—1:1125
1
1 +=2x,s
x a ‘2
NF2aA-4 atg-1 1+ 1 s + 1 < s2
yla#-17 *1° 7 {lat8-17 *172
. ” a 1+ al T,8
NF2BA-S 3 T Z
[ + YB S + -E tl 2
1+ 1 t,S
a 2 .
NF2BA-6 - T 1 7
1-" tls + E; 11:25
a,+a +a
. 1+ 17273 aS
a;+ay la1+a3) 2
NF2BA=~4
o, Ay (8 Rray) 2
19, T8t S Ya 172
= LS SRR

=3
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TABLE 2.10: (continued)
TYPE CIRCUIT TRANSFER FUNCTION
1
{a,+a.) 1 +>1,s
NF2BA-6 2 3 a 2
a (a +a,4a,)  (a,ta,*a,]
2 17273 17273 2
1+ 3 ‘15* e T1T98
2
1+ L T,
NF2BA-7 z I 7
1+ —-<ls + a—{-tltzs
CPALTY 1 +$12s oo
NF2BA-7 2, ‘(a1+a2+a3) L(a1+az+a3) 2
1 az ¢ )5t E FAPE
1+ &1- 1:25
NF2BA-8
+anTav-az*fa}) S'L(a1+a2+a37 ] SZ
3, 1 2, 1°2
NF2BA-9 - 2 T
Y—r————M_ tls +7_r—r7a*ﬂ- Tl‘CzS
1 +x,s
NF288~1 ',1 T 21 5
) i +B 11.5 + 5-111:25
{301 \T
1 +<c,8
NF288-2 1 o 2
l+ya‘:ls"'&?tl“zs
. 1+ Stz
NF28B-2 7
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TABLE 2,10: (continued)

TYPE CIRCUIT TRANSFER FUNCTION
a ta+a
17273
R
NF288-3 3, {a +a2+a3) 2
* 1(a,%45] 1t e A A
o
“ NF28B~4 -l il
{1y ) . L Z
1+ —;&1— s + ;ﬂ—zltzs
C43]
a,ta,ta
1+ 123 +2 3 T8
NF2BB~-5
a, (aléa +a2,) 2
* i) *1° * YTageay) “1°2
1 ‘+ t,8 TN
NF2BC-1

T T
S e~ LIS e TR

.
e maiget ton -
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TABLE 2.11: PROPERTIES OF THE ACVAs OF CLASS NF2B

\-::;/
e loc-gamn COMPENSATION {DESIGN EQUATIONS{ PHASE ERROR MAGNITUDE |STABILITY
CONDITION (*) (*) ERROR(*) [CONDITION(**)
i - a = gk
. 2 wey 3 wiy2 3K
nF2ea-1| 2 aty = yBe 2 - (%) () 8>
\ § 1 2 _ %__ KE- KE 'ZE
~
INFBA-2[ 1 (L-a)ey= e, aty = 1 - ($‘—)3 (?—1)2 9> ,31
a
3
2 — = K-1
a.+a (a,+2,)%x, = 2
173 173" "1 1 Kwty3 Kws {2 3
[NF2BA-2 i (a.%a. K - (3% (== 0> 7%
, va la e vaqie, 173
R CPIPEEN
f{FZBA-S 1 aty " YT, a =y - (:—1-)3 (5—'—)2. 9> %u
3
. 2 G(Kvl)
a T, " pr=1-
1 Kt 3 Kwr 2 3
NFZBA~4 ——T“ ' - (= (= )
atp- y(u(;ﬂ-l)tz v = aK Y Y > 2{-
. a = gK o
{nFeea-s % aztl = b1, K - (%)3 (%)2 9> 3?1
Y B e
N ) ﬂ
. rNrﬁA-é 1 aty * yT, a®y - (;%)3 (51)3 1 8> %a
) ™~
SO W
{a,+8,)5c, N |'== = K-}
NF2EA-6 ik B K {Kary3 (Kury2 0> 3{(
d 31 Y‘l(aigaz;;3)12 . . (a1+a3)K . Y Y Z
’ (3 7ay%ay]
- }
. i ~ ‘ ~N
) ‘ l
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«  TABLE 2.11: (continued)

TYPE |DC-GAIN COMPENSATION [DESIGN EQUATIONS| PHASE ERROR | MAGNITUDE |STABILITY
- CONDITION {*) # (") ERROR(*)  {CONDITION(**)
d a
2,43 ) 72- " w3 w12 3
NF2BA-6 aty = < - (= =) 8> wa
a, 1 a1+a2+a3 2 L - a, a P ¥
112"
! .
NF2BA-7| 1 aty * 1%, a =y - (?)3 ‘:'1)2 9> %a
i M
aty * 3 e
33 3 "ty 3 wey2 3
NF2BA-7| —— 2, a - (=) R A I 8> ya
2 a¥a,h, T2 « : 2+ ‘ ‘
dl az a3 »
(a,4a)a] *F1 7 — :_3'5'1
273 2 Wey 3 w3 3
NF2BA-8 ‘ - =) (=) 0> wa
= iz dz . i}. L1 ) 5. a a 7
a ¥,y 2 2, :Z a
621 - aA' .14
1 Kt ,3 Kwt 2 3
NF2BA-9| —2—y 2 - (=) F =R 8>
atf Y(G’ﬂ'”‘z Y= g_ Y Y 7%
-1t
-1 B =X . 3 2 0.5
NF2B8~1 B Y%, BT, - (Kut) {Kat) 8> 2 -3
~Y *B -
g =kt \ /
neze-2] gl | ey = e a = [1" - awn) (@e)? | 8> 2.8
’ 1 Y 2 ;2- Aaure ) - awt -7
ad
T8
kQ 2
nNF2se-2|, 1 T % c'ig -("“:‘) '(T) 8> 2--“2

) &
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133
: Y \
. o . \ )
TABLE 2.11: .(continued)  -— ]
. L : t
. COMPENSATION [DESIGN EQUATIONS| PHASE ERROR | MAGNITUDE |STABILITY N
TYPE 10C-GAIN | “conprTioN (*), (*) ERROR(*) |CONDITION(**){ o
« % \\\‘ s Z{(azwa) ’
* et = +a 4, a e > .
e i, 23 .mo2l "2 3l T2 w2 2 ~
NF288- i T\\, 177°2°%3 m =Ty -(3?_-;5) (-7-) WY ) . 2 .
‘ . . 1 . y .
. i - T¥2 .
}/ . . a = K-l ' . . B
R ) et iun)® | (enbloe)? [ 65 2 - 223
g - U Of '
‘ - 3 :
3 j ) o ‘Mazn% 0
— g, ® , A 0>y .
, o e S Ul Ry e SR ] I IR T | Iy 2 "2
RERI [ R /2\1 sty gyt 2
¢ . %2 1 -3
% / 1N ,
: 1 ) U | A1 2 3 {
. INF2BC-1 I a =]l - a®]'e— —-z(on)' {wt) 0> 5w - 2n i
- - “ . . fz fz (1.“) II‘G, 2 , g
' < IDERIN 1 ) R :
_ " cousxc:caxm Als).= Ayls) = & ‘ L ’
‘(**) . CONSIDERING Ayls) = Ays) = 1_5_‘. Co . - 4
_ . sl + %—) 3 . ‘ . e ate
: ' . /) (
& ] : 4 =~ TN :
- — 4 f
" [} R [} . » - g
- £ ‘ N vy
. N ' ‘ @
"A K ‘.‘ ¢ hd 9 N
. . A \ ) ) |
N S AR )
1 \ E. 1 L
' ‘,,' . " BV ‘ . . i h ' . Co . 3
, :f\, -7 ¢ L4 >
bl | .“‘ r
‘ ) ° 4 3 4 . “
v .., ‘e ’ - “ .

-
< R ; s y J
- . (3 o wt
34 .
. g = .
- * !
.
/ ' : .
‘ [ 4
. Lo . . ' . '
LT B -~
\\‘ N P \ » - - a . '
\ -
~ N .f “
> - '
¢ <’ . I 4 . “ *» ) 1
. i
o v » - - . l -
-
’ - - -
N ‘ N "‘ ’ \
* ’l . - - " .
A . " f ¢ i
. . R 3 - x i
d - ]
Ear . - . - o N - . » {
. h
v, - . - J -,
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>0, F <0 . Vv

21

SUBCLASS IF2AB: ‘Flz

\

Realizations of each subclass are obtained. if we
‘ + : + ‘

—

attempt to realize the F;j's{and £.'s trqnsfef ratios. using
different combinations. Each different combination
coriespoﬁﬁs to‘a‘diffétent type. However, -further analysis
shéws that there is onlg one possible combination for each

subclass as shown in Table 2.12.

the resistor elimination‘proce¢ure mentioned before. The
resulting circuits are shown . in Table 2,13'while their

properties are shown in Table 2.14.

-

s

By applying the same considerations that were wused
for class NF2B, the realizations of class IF2B can be
. h)

grouped in one of<the following subclasses: o

> L.
v

v
o

K?UBCLASS IF2BA: f2 =Q, F12 < 0, le

A;SUBCLASS IFZBBf f2 =0, Fl2 >\0, FZl <0

<0, F,, < 0, F,, >0

SUBCLASS I?ZBC: f‘2 12 21

o
SUBCLASS IF2BD: f2 <40, F12 > 0, F21 <0 ﬂ
SUBCLASS IF2BE: fz > 0, F12 < 0, FZl >0 v

>0, F >0, F <0

séacgss IF2BF: _f 12 21

v

o .
Once more,,;ealizgtions can be obtained by usin%

‘ ‘ + . + .
different ways ' of realizing the F;j's and f;'s trad:jﬁr
‘ - . ‘ [

’

Realizations for each type are obtained by applying
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TABLE 2.12: TYPES OF ACVAs IN CLASS IF2A

3

+

.

« | TYPE

oy |

+
Fl1

i1

N4
Fl2

12

>3

F21

F

[44

IF2AA-1

0

X

0

0

1F2M8-1

0

X

X

X

-0

NOTE: x has value between 0 and 1 °

aw

N

;
-
+
L
.
3
B
‘
]
-
.-
\
\

B}
-
a
"

s e W e
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TABLE 2.13: ACVAs OF CLASS IF2a . s
TYPE CIRCUIT TRANSFER FUNCTION
: at 1+ 821 TyS \j&
IF2AA-1 $ —51 T 7
1+ gL 7,5 + 2Briiicari) 1.1,5
a 2 a 1°2
€311
P 7
(1] s
' 1 41,8
1F2A8-1 t » L— A L —
—_—— 1 +5,8 + (atlr 1,8
. 2 1*2
[31] :
2\5-1 1+ }125
1F2AB- $
1+ -1-125 +'(E:-l-hltzsz
\ ¢ a a
{311 ,
1+8 ﬂ%—} .8
1F2AB-1 - Blatl) "2 . .
1+ l%,ths + (a+1)tlxzs :
253
1+¢( 4'1) .5
[ + 2
IF2AB~1 Q (1=y)n . -$ yBla
s {g+l) (gl 4
, Leglomr s 5 e
[25)
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TABLE 2.145 PROPERTIES OF THE ACVs OF. CLASS IF2A

TWPE | Dc-GArn|COMPENSATIONIDESIGN EQUATIONS|  PHASE ERROR MAGNITUDE  [STABILITY
CONDITION |, (%) (*) ERROR(*}  [CONDITION(**) |
B =K a0, 3li-a-, 2l - 0.
IFAR-1] “Bra, {wr )7 ] {we) “|o>y=p - v
« X 7 ¥ e X" TR
' 4 .
Ll B - R ~(1K) e )3 (-iwe)? o >2-32
trae1| - — b= A )3 | 0K (7 |, g 08
.72 a ¢ "
¢ IX
trae-1| -g asg p= (1K) {wr)? (1kMwr)? o >2- 93
a= K ’ . =
, B e K ' .
K a=® -K -{1-K} 3 (1-Kk) 2 0.5
1rame-1) 2 . 1K .
# «=B 2 -;T_ {ur) - {we) 8> % -ty
L ) ‘ I-R,
c - - l
p (%) CONSIDERING A;(s) = A,(s) = L \
{#*) CONSIDERING A (s) * A (5) = =t
1 2 u(m}) »
. S
L
1
. \
\
e i
~ \ ) ) 4 ’
- »
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ratios. Each of these ways characterizes a different type
Akt . -
of realization. The possible types for class IF2B are shown

in Table 2.15. .Some comments are in order at this point:

(a) Realizg}ions.belonging'.o(pypé "IF2BB-3 can be
obtained by connecting a resistivg voltage

divider at the input of the infinite input

.

impedance ACVAs of class II2A. Because the
‘circuité of that class have already been
presented in this thesis, this type will not be

considered further.

(b) Realizations of tyﬁe IF2BD-3 as well as circuits
o
*of subclasses' IF2BE and IF2BF will have very

comp;ex tuning characteristics rand, for this

reason, they will not be,¢onsideredlfurther.

a

For each type, realizations can be generated by

s

applying the previously described resistor . elimination
procedure. The resulting circuits are presented in Table

2.16 . The general properties’of these circuits_Vare shown

¢ .

in Table 2.17.

..
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TABLE 2:15: TYPES OF ACVAs OF CLASS IF2B.

72

TYPE | ] i 2 | f2 |Fla|Fl2|Fa | Fo1 | Fo2 | Fze
1] 0 | x f o] oo | x| x| o] 0] x
IF2BA-2 | O x| 0 {0} 0 x |1 X 0 | -x
IF2BA-3| O X 0 0 0 S 0 X 1
iree-1| x | 1| oo f x |o o | x| of x
IFeB~2 | 0 X 0 0 1 X 0 x|§0 X
1F28B-3| 0 X 0|0 x | 0] 0 X 0 X
iFZBC-H 0 X x | x 0 X X 0 0 X
IFBC-2| O X 0 X ‘0 X 110 0 X
IF2B0-1| X 1|0 X x |0 0 X. 0 X
treo-2) 0 | x [ o x [t [ x{ o % | o] «x
-IF280-3| O X 0 X x | 0 0 X 0 X
1F2BE-1| .0 | X X 0 0 |.x X 0«4 0 X
IFRBE-2| O . x X 0 0 X X 0 X 1
IFBF-1]| 0 X X 0 X 0 0 X 0 X
1F28F-2| 0 |+ x 1 be X 0 0 xt| O X
1F2BF-3 )gm' 1 X 0 X 0 | 0 X 0 | x
1F2BF=4|. O x X 0 1 X 0 X 0 X

~ ”
NOTE: x has vatue between 0 and 1
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TABLE 2:16: ACVAs OF CLASS IF2B

TYf’E CIRCUIT TRANSFER FUNCTION
1
1+ =18
1F2BA-1 -ay a 2
TT-g)ﬂl,,tz 1s+f 11:52
I+78 "1 (T8 172
1F2BA-2 ’»
1
271 1+ s 125
(E-y; )| 1 Z
" = G-air 1+ =7 115 + =T TyToS
1F28A-3
(1=yIR .
31 p/
-(a,*a, )a ' 1+ ‘l-‘t s
1F288-1 z 2 a2
- a,{l-a} 2 (a,+a,+a,)
2 1+ .—g_ T ,5* 6—1—-—2—-——. T T 52
.Yal 1 761 12
{a,+a,t2,)
-a 1+ _—l._a-g—l.‘vzs
1F2BB~-1 ""_z' 2
all*f-z-—r s*——-—-—-——(alﬂ ")11 s2
va; 1 tray 12
[
.
. 1
- oy, 14+ ;125
1F288-2 ilea) x 1 ¢
1+ TT=T s *Y—rr—-r_a T1T,8
e 1+ -1' TS
-a . y 2
1F28C-1 Ml |, 1 LT Z
c =7 115 T—nﬁ? 11125
.
-
] . -
! " >~ 1+(1+$—+§-):zs
1F2BC-2 - Yo
_ - R (rr)es ¢ Lyl (vl s
- [26) s . .

'?L

=i
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TABLE 2.16: (continued)

" TYPE CIRCUIT TRANSFER FUNCTION
1F2B0+1 (a1+a2+a3)
+ T
Ti,0a,] 4
a {a,ta,+a., )
2 1182783 2
1+ -Y-a—l 115* va, 11758
lFZBQ‘Z
&
¢ o
v :
- .
* .
.
i
: | ,
. »
A
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TABLE 2.17: PROPERTIES OF THE ACVAs OF CLASS IF2B

1we | boogarn | COMPENSATION [DESIGN EQUATIONS| — PHASE ERROR MAGNITUDE STABILITY
C- CONDITION (*) (*) ERROR( *) CONDITION(**)
Yy * -Ka
' - 2. wty 3 w2 , 3
trea-1| Topgp | @ liniesg | 2 - & O &
- =T
1F2BA-2 -1_1 et = (I-Y),z -l [(I—K)w1]3 [(1-)()“;:]2 8> ’ZFITT3 -
v 1F28A-3 ¢RI .
s . 3. k)
, -(az+a3)a Ta *1 3, 3 el bei2 3
172881 | ——rr— 2, - =) (=) 8> ya
A o s
3
: a a: ' 72' =X ) .
1f2e8-1) - -a-f- [a,0aFa7a,T I I “apk '(%-'-)3 (-Ki;"—-)z 8 >% (3
. v . :
‘ 2 3,4,
a - K -
1£288~2 "ﬂ 62 - . R:r ((K~l)m]3 ((K-l)m]z J K
Ta |TaT™1 "' g2 B e o L A )
YURY
- v J\‘, -
[ LS
IFeCc-1) 32 1, = {1-a)t kT [(K-1ur )3 [(k-1 oo 12 8>3
Tz | = el . w TTRT
: YR
Yy * y = K
! L oped (2K (1-K041] J [-Ri2ek) + (a8 > 20)
1F28c-2f ¢ ©orx L a . 2 3 2 - (1+J.)2
} [T *g 1 oa= {-;1- X ‘n‘”) X fur) Ty (Y Iy #2151
D
17280~1 alapragdey, | %2 X ) .
i e Al e W) SN 2 w3 ATy I L
.23 3 a il we A" 1 Jniie
Nrmo-z| 1 R ’ i Y X
' = Yt . - L.
2 ax
. 11+a2303
(*)  CONSIDERING A (s) = A,(s) = & .

1

(*#) "CONSIDERING A, (S) = A($S) # i
1 2 sell + 3%)

LTeAmEs meeeieme 4

e

P

LT -
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2.4. . EVALUATI%N OF . THE ACVAs

2.4.1 Design equations and relative stability o

!
‘All  the ACVAs presented so far are stable by

themselves provided the OA is modeled as- in eq. (1.24).

Nevertheless, it 1is desirable to provide design equations

such that the circuits; realized using these equations, will
exhibit a suitable amount of relative~stabilit§ [39,40],.
naqely} a phase margin not less than 30° .di not greater
than 60° (the gain margin- is alway§ infinite for any
active-R 2 OA circuit when the model in eq. (1.24) is

used).

However, not all the «circuits présented have free
desién parameters to allow the control of the phase margin.
Obviously, when sugh control’ is not possible, some other
critgrion,ﬁor deriving design equations has to be sought.
Fortunately, in' these cases, the great majority of circuits
have Qesign éﬁuations compf%tely specified by the gain and
the compensation conditiok'and no ‘further consideration is

necessary to design then..

Considering the casés,where the ‘control of the phase
margin is poséible by the use of appropriaté'design, one is
faced with a problem . Such ‘design equétions are, in

general, dependent on the values of the gain-bandwidth

-

product of the OAs used. This is an inconvenience due to

. | -

q
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the large variability of these parameters.

Two factors, however, reduce the effect of this
dependence: flrsg,/the wide range of values for the phase
margin acceptf/le in practice and, second, the design

equations for such margin depend not on the GBs directly but

. on their ratio. If ACVAs are implemented with dual OAs ( in

which the d{fferent OAs characteristics track with each
other closely),' it ‘has been found.“that if the design
equations shown in Tables 2.5, 2.8, 2.9, 2.14 and 2.17 are
used, the circuiés will exhibit accéptable values of phase -

margin even if there is a 20% mismatch among " the Oas. In

'practice,ﬂhfqu mismatches are much less than 20% for dual

OAs.Some comments about these design equations are in order

at this stage: ' .

]

“a) Al the ACVAs of the III group (Tables 2.4 and
2.5) have their design equations completely
def ined by the gain and the compensation
condition. Hence, no control over the phase

margin is possible.

(b) Ali 'the design equations' in Tabl; 2.8 ‘are
‘intended to enable the circﬁits éb exﬁ{bit a
phase margin of approximately 45°. However, in
order to use them r types NEZAA43 and NF2AA-4,
the gain has to be restricted to be greater aﬁd

smaller than (1 +/2), respectively.
!

'

L3

——
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All the ACVAs in Tables 2.10 and 2.11 have phase

‘margin of approximately 51.8°, except those of

subclass NszB. The ACVAs of types NF2BB-1 and
NF2BB-4 can not have their phase margin

controlled. The othér circuits of ‘subclass

" NF2BB have design equations intended to enable

them to exhibit phase margin in the range

mentioned above.

The circuits in Taples 2.13 and 2.14, excépt the
second and thé fourth circuit of %y%e IF2AB-1}
have their dgsign defined by the gain and the
compensation condition. For " those two
exceptibns, the equations pfeseﬁted are intended

to enable them £o exhibit phase margin in the

" rangé mentioned above.

Considering Table 2.18, all the ACVAs of
subélasses IFZpAfand[f?ZBB as well as the one of
type IF2BC-1 ‘have: phase margin approximately

eéual to 51.8°. The circuit of type IF2BC-2 has

'its phase margin varying from 54.5° to 51.8° as

its DC-gain is varied from 1 up to very large

values. The ACVAs of subclass IF2BD have design

equations intended to epable thém to exhibit g'

«
phase margin equal to approximately 45°,

N

Fio :.«..\9
,
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2.4.2 Gain and phase errors X

4

¢

The use of a more complex realization for VA,
instead of the' conventional design; in Fig. 1.2,) is
justified only by the fact that the ACVAs are expécted to .
eihibit smaller phase and magnitude errors than the IFtter.

hY
In order to verify such an assumption , the phase and

.
X

magnitude errors of tpe realizations were computed and are
shown in Tables 2.5, 2.a,,2.“11, 2.14 and 2.17.  The phase
‘and magn%tudeﬂ errors 6f 'the noninverting conventional
realizatiqn are given, respectivély, by egns. (1.10) and
(1.11). Also, for Athe inverting VAFazealization; these
errors aréﬂgiven,'respectively, by eqgns. (1.13L‘gpg (l.lé).%
By comparing expressions (1.10) through (1.ﬁ4) with the
corresponding ones in Tables 2.5: 2.8, 2.11,‘2.14 and 2.17 ,
it is clear that the high frequency oper;tion in
conventional VAsI’Es dominated by phase errors while the
operation in ACVAs is restricted by magnityge errors. Since
the absolute values of chr&and (1 - K)ot afe much smaller
than unity, magnitude errors in ACVAs are typically an

order of magnitude less thqﬁ\#he phase errors in.convention-

al VAs. Thus, the ACVAs can be used at considerably higher

N '3

operating frequencies than their conventional counterparts.

& A
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2.4.3 Effect of the second pole of the OAs 1
\ 2 o A
\ o So faE: the complex frequency-dependent gain of the

OA was modeled by eqg. (1.24). Tﬁés model provides good

*'accufacy for ftedDencies well below the GB of the OA.

}

However, as it was explained in Chapter 1, existence of &
second pole in actual OA characteristics renders this model
inaccurate at high frequencies. It can even“cause the ACVAs

to oscillate, if not properly accounted for.

o

. , .Taking this second pole into consideration, the

differential gain of the ith OA can be modeled as

1 ‘
A.(s) = ) , (2.31)
1 sri(l + sri/ei) e

. . 0, .
where the second pole is given by - i .

L T
Clearly, the study of stability, considering the

second pole, can be done by making the substitution

-

sT,.+ §r;fl + sri/ei)

o
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in the denominator,of the transfer function expressions in.

- )
Tables 2.4, 2.6, 2.10, 2.13 and 2.16 and then c¢hecking if

'the resulting polynomial is Hurwitz.. 'This is easily done by

applying the Routh-Hurwitz test [39,40]. e

A
¢

The result of the applicatjon of this test is shown
in Tables 2.5, 2.8, 2.11, 2.14 and 2.17. Note that, in

order to simpiify the expressions, the gains of the OAs are

considered equal, namely, ri‘fW: and ei = § for i = 1,2.
[

%
1

2.4.4 Maximum-signal handling capability

-

OA Dbased circg}ts may have a reduced signal handling
capability at high frequencies due to basically two factors
(43]). The power supply voltagg level of the OAs limits the
maximum signal amplitude that can be handled by the circuit.
At higher frequencies, the‘slew rate of the OAs worsens the

situation. : , -
. ) o —

- .
 Regarding the bower supply level, it has been shown.

[8] that the maxifium output signal level that an OA supplied
. P

with voltages ;Vcc.can handle is given by

&

%

) (PS »g . . ~ |
- Yo o,ma V (sat) - Vcc_ (2.32?

where Vce(sét) is the voltage between the collector and the
9

L
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emitter of a transistor biased in the saturation region.

14

Usually, Vcc

For, sinusoidal signals of angular frequency equal to

£
W, the . slew rate 6f/the OA limits the maximum amplitude at

’
the output to be

»
4

*SR

(SR). 27 |
Vo,max - (2.33)
B . v

where SR is the slew rate of the OA.[41].

<

Let the voltage transfer fuction ftom the input of
the ACVA o the output of the ith OA be called H, (ju), .
bt )

i=1,2, From straightforward considerations, it follows that

‘the maximum amplitude of a sinusoidal signal that the OA can

handle is limited to

(PS) ,(SR) }
o,max ' "o,max (2.34)

max{lﬂl(jm)l.!ﬁz(jm)|}

min{v

v -
i ,max

4

, >
where min{ } and max{ } denotef the minimum and the maximum

o

element of the bracketed set, respectively.
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By wusing (2.34), plots of the maximum allowable

sigﬁal amplitude as a function of fr%quency ‘were' obtained.
Fig. 2.4 shows only three examples of these plots, namely
the conventional realization, the ACVA-of type NI2B-4 and
the ACVA of type iIZA-Z. For ' these plots, we have

considered a gain equal to 2, V equal to 15 VvV and a

cc
741-type OA with SR equal to 0.5 V/us and G equal to 21x10°
rad/s. Notice that for frequencjes up to 100 kHz, all 'the
ACVAs presented here, except those of type NI2B-4, have
maximum signal handling capability comparable to the one
presented by the conventional realizations. For frequencies
above this range, there is a slighﬁ dgqrgaée ip' the signal

handling capability of the ACGAS compared to the
conventional tealization.j This 1s expected to happen,
since, for the latter, the magnitude of the transfer
function decays very quickly As the frequency increases.

Hence, this slight decrease in signal handling capability is

a consequence of the improved response of the-ACVAs.,
. » .

)

~

2.4.5 Tuning procedure

Regardless of the technology of implementation, t?e
reséznse of actual ICs departs from the nominal éne due to
manufactyring tolerances as well as parasitic effects. A
very appropriate and economical way to correct this
‘departure is by an after-production tuning of the circuits

[9,42]; Hence, it is of practical relevance to specify a
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V‘ max(v) '
P -
— - 9%
7.0 ; //
}
¢ 1\\ .
6.0 p ‘ \\ ~ M
5.0 |
! ]

1 - 'Conventional VA
= ACVA of type NIZ2B-4
ACYA of type IIZ2A-2

Yy

0.0 , ‘ .

v
L

0.0 , 20.0 40.0 60.0 80.0 100.0 120.0

FREQUENCY (kHz)

: , S N
: - Fig. 2.4: Examples of maximuni signal handling
capability of different VAs..
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tuning procedure for the ACVAs ‘presented. here. This

PR

procedure

each of the realizations:

(a)

(b)

In

'modified,

is accomplished through the following steps for

¥

L.

At a frequency such that (K wt) << 1; adfust the

DC-gain by modifying the proper resistor ratto,

as the case may be.

namely, y,a, B or a;

At a frequency such- that (Kwrt )2 << 1, null the
phase-shift of the circuit by modifying the
appropriate resistor ratio, namely, y, a, B8 or

a; as the case may be.

¥

this tuning procedure, only resistor ratios -are

Since resistor ratios can be increased or

decreased by trimming the proper resistor, this‘procedure is

feasible in hybrid IC technology. Further, the tracking

P .
among resistors implemented in thin or thick film technology

and also among OAs placed in the same package makes the

tuning effective over a wide range of variation of

temperature and power supply level,

S

It is important to note that some of the circuits

presented

i Y

in this chapter are more suitéble for the

application of the tuning algorithm described above than the

others,

This is due to thé fact that in these circuits the

DC-gain and the compensation condition can be controlled

independently of each other. 1In this case, the tuning'is

done in only one iteration in a sequential manner. For

ok
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" ci;puits that do not poesess this independence--of
.adjustments between the gain and the compensation,; the two
. steps menthned must be apﬁiied iteratively ;unt;l_

satisfactory performance is obtained.

2.5. EXPERIMENTAL RESULTS - : o
’ ' ‘ .
oL g - "o N . ' N N 4/
. X \\JJ" " /
2.5.1 The ACVAs as stand alone elements

/ o

All the ACVAs were tested in the, labora ory. The GBs
. of the Al and AZ amplifiers were measure?:tod%e 1063 and
1054 kHz, respecti ely. The resistors used,here withln 1%
accuracy. To save space, the the?éetlcal and “*the
' experlmental re'sponses for only the ACVA &f type NI2B-4 (the
first circuit) and the conventional realﬁzation are shown 1n
' Fig 2. 5 . The ACVA is observed to pethtm well even  at’
' frequencies near ~100 kHz. At hlghef/frequencies, howevepy
1_.the experlmental response: departs /Aignificantly from the
theoretQCal ~one. This is duehtq/the effect of the second
pole of the OA which was neélectil in the analysis at 1low
frequencies. ‘ | - : // | "

. . ' /’ ’

/ .
2.5.5 An application in act§%;-ﬁc filter
/

The §Sallen-Key f}iter in Fig. 2.6 was designed to

realize a band-pass trangfer function with Q equal to 10 and.

«
;
3 v
b
2
y _// -~
N .
v
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‘pole frequency equal to 10 kiz under the assumption of ideal

OAs. A oomparison between the performanée of the filter

- vhen . the VA was -implemented using either the conventional

realization or the ACVA of type NI2B-4 ( the first<:circuit)

. : l (
is shown in Table 2.18. ’

N
Y

From this table, it is clear that the the'fiitef
using the ACVA s;gdificantly outperforms the one Q;:ng the

‘conventional VA,

2.6. CONCLUS IONS

.

A sysgématic and comprehensive syrithesis procedure
for generating ACVAs employing 2 OAs has been proposed. In

this approach, the ACVAs are first grouped into classes

using a combination of practical and theoretical

considerations. Additional combinations of these
considerations are employed to further subdivide each class
into several types. A set of realizability conditions is
then assoclated with ’each tyée. These conditions lead
directly to the synthesis of the AQVAs'gsing the\sééuential
resistor elimination procedure. A sqt'of' 57 circuits has

thus been obtainegiand classified.

An extensive study of -all these ACVAs has also been
made. Different performance aspects such . as phase and
magnitude errors, maximum signal handling capability,

tunability and effect of the second pole are considered in

é»;.q
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TABLE 2.18:

SALLEN-KEY FILTER.

EXPERIMENTAL RESULTS FOR THE

PARAMETER | THEORETICAL CO“VEﬂL:ONAF ACVA
fo(KHz) 10.05 9.73 1010
afyl%) — -3.15 +0.50

Q 10.55 9.73 9.85
8Q(%) — -7.86 -6.72

-

.

r’\\
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/ .
detail. - . N
Finally, experimental results of the circuits as
stand-~alone elements as weil as in an active filter
application are reported. These results agree closely with

-

the theoretical predictions. ) .

-

» All the circul®s presented in this chapter outperform
the conventional VAs in the sense that they can be used at
higher frequencies than the latter. However, when the

Eperpting freduency is further increased, even 2 OA ACVAs

have their performance degraded. 1In this case, ACVAs with

an increased number of OAs should be considered. For this

reason, 3 OA ACVAs are studied in the followidg chapter.

. /

G
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S : ’ CHAprgnisr -
CLASSIFICATION, GENERATION AND DESIGN
» OF . ¢ L

1

ACTIVELY COMPENSATED VOLTAGE AMPLIFIERS

USING 3 OAs - K
- —an .

-

3.1 INTRODUCTION -

-

Althougﬁ the operating frequency range ofa VAs can- bﬁ
extended by ;ncreaéing the " number of OAs in the circuits
through an appropriate design, °practic§1 considerations
indicate . that ACVAs employing more than 3 OAs may not be
useful. ACVAs us;nguz OAs ye;e the subject of ’the Study
reported in the last chapter.- Clearly, then, the logical
continuation of the work .reported in this thesis consists in

performing\ a similar study for 3 OA ACVAs. fhis is the.

purpose of_the present chapter.

~

.

The procedures used for classifying an4 generating é
OA ACVAs cannot be applied in 5 straightforwa}d manner ;6 3
OA realizations due to the characteristics .of the la;ter.
Thus, some new criteria for classifying 3 OA ACVAs are
described in.this chapter. Each class is further dividgé
into _types. A set of‘topological‘conditiéps is derived for
each type. They can be tgrmed as realizaBility conditions

for that type. These conditions' lead directly, to the

different circuit realizations of 3 OA ACVAs. The .circufits

®

.

)

1
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are

then

evaluated

cha%acteristics

considered

results are also presented.

\

v

3.2 PRELIMINARY ANALYSIS

shown in Fig. 3.1.  The output is taken as vy

with

93

respect
in' Chapger

-,
[4 : .

]‘ »

b %

to

2.

C)

the

performance

”

“Experimental 3

The general éonfiguration of ,a 3 OA amplifier is

[

without

any

loss of generality. The voltage gain caﬁ}be expressed as

i
-

v
L
V.

1

K

i

v”

¢

¢
f

l+sla,t

12

+a

]

2
p¥33%a3T,Tas

l+s[b1T1

+b

272

.

2
+b313]+s b

T

TaT,+b.T

4T273*PsT T3P Ty

12]+

-

“ —

b,TToT;

(3.1)

i .
where it is assumed that the ith OA’is modeled as in egn.
N

(1.24), for i=1,2,3.

c/

s

‘e

»

Further, if the resistive network is characterized by

$

- W -[.

F11 Fi2 Fy3 1

Faif 22 Fa3| |V2|*

LF31 Faz Faz| |3
e '

e

(3.2)

3
T,T,8
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Fig. 3.1: General configuration of a 3 OA ACVA.
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where . : : )

vy | vy

k . K : =
F = — ; £, & — i h,j,k=1,2,3

v, . k v, - ,
kj J‘Vh‘-‘olvi:O r"h#J N - i Vh-o . .

H

the coefficiepts. in (3.1) are given by

o

o 33¥ e F g F gt g o oo B PP 33~ F  3F 30~ E3F 1 0F 03

K: Fy1F 29334 1 0F 93F 31 135 01 F 307 F 13731 F 90 F 11 F 23F 357 F19F 51 Fa3 33
e £1F33755F3 3 . ' (3.4)
S R P gt g ot 3F e PP 33~ T 3F 35 E3F oF s '
. it - (3.5)
P T e A 22;le 23375 13F 3273 12823 T
83 FF. F.FE.F. P t.F F'-%FF-f Fo.-f.F, . F (3.6)
2F12F 33" 11503 30 aF13F 00 1550 337 T 1aF 35713 1 03
T S N U N N 52{32;22?331-* FF FoF v (o)
127227 33%F 15 2383 F13F 21 30 F13F 31 F20F10F23F 30 F10F 21 33
. F - .
D P F13F3*1-§ll§'33r‘ ForFoF oL o8
B8 0 33t 1P 03 F13F 01 M3 1P 3 Fon F 10 Fo a3 F1 oF i3
b F12P21711F2; (3.9)

3 F1o0F33 F1Faaf a1 F1aTort a0 T 13t ar 22 T 1023t 3 T 12 20 33
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F
11
) P3P 31 ¥ 3891 357135915207 Fa3F 30F 11 F10F 13
F
. ' 22
11520 33*F12F 23F 31 *F 135 21F 397 F13F 31 F o0 FoaF30F 1 1001 Fa3
. F
e 33
6 FFoF33*FoFaaF 3% ) 3F 91 F g5 F) 3F 51 Fp0=F s 3 F 1 =Fy oF 5 Fag
-1
13521F30F13F 31520 Fa3F 30117 F10F 21F 13

by F

(3.10)
11F22F33

b (3.11)

5" F

(3.12)

b

T F *F, F. F..4F (3.13)

11F22F33%F10F23F 3

In order to compensate the circuits against
first-order (s-compensation) and second-order effects

(s?

-compensation), the coefficients of the s and s? terms in
the humerator of (3.1) must be equal to their cérresponding

coefficient in the denominator, namely,

‘ a112+aé13 = bltl+b212+b3r3 (s-compensation} ' (3.14)
;
/

/ %4

AqT T3 = b4rzr3 + b51113 + bstl-r2 (sz;cdmpeqs§tion) (3.15)”

If eqns. (3.14) and (3.15) are to hold independently

of the OAs used, then the folldwing must be met

~
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bl = 0,‘al = b2' a, = bj | (3.16)
!
for the s-compensation and -
®
a3 = by, by = by = 0 . (3.17)

for the sz-compensation.

In case (3.}6) and (3.17) are not satisfied, the
validity of (3.14) and (3.15)‘will depend on tﬁe values ?f
either Ty T, “or T3 Further, for the compensation to
remain effective when éhe ri's are vafying, variations in
one OA should be tracked by variations in the others. .Thus,

tracking OAjaq}ll be required.

3.3 PERFORMANCE CHARACTERISTICS

The only possikle digadvantage‘of'uging of 3 OA ACVAs
might be the complexity .of such circuits. Therefore, in
order to alleviate this problem and also to limit the study
to. useful and practical structﬁres, some guidelineé should

be followed. We shall use the following:

(a) Nqnihvértinq circuits must ﬁosgess an infinite
j y )
input  impedance.® This feature allows the’



/“d 98
replacement of the noninverting conventional
- realization by an ACVA in all applicatiohs

~without additional considerations.

(b) All circuits must be stable by themselves, i.e.

as stand-alone amplifiers.

(¢)’ All ACVAs must be orthogonall% tunable [9,42],
i.e. the DC gain, the s-compensation and the
sz-compensation conditions must be adjustable
independently of each other. This feature not
only makes the circuits prgctical but also
provides them with the convenience of being
%ﬁther functionally or deterministically tuned

at low cost according to the volume of

production.

°

In this context, gt is noted that these guidelines
are much stricter than those used for the 2 OA case. This
is \que to the fact that they are intended to counterbalance

v

the 'increased complexity of 3 OA ACVAs by providing them

ted that an ACVA that satisfies the above

with the co vepienée of being used in a very simple way. It
is also nz

requirements is preferable over one that does not.

If we replace egqns. (3.3) to (3.13) in (3.1) and use

. routine stability tests, the following conditions are
. ) )
obtained ’)
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F,.F

(3.18)

F11FooF33 + FyoFagFay + FigFp Fyy = FrgF 0Fy) -
F11F23F33 = Flaf21F33 < 0
(F.,.

23F327F20F33) Ty ¥ ((F13F3y7F 1 Fa3) T
F12F217F11F 220 T3 < O ‘
F117273 *+ Fzzrzfé.f Fy37y75 <.0

12F23F31+F13F 5 F 3~ 2F

F11(F13F317F11F33) 727,

(F
+ F

oo 2, .- - ,
FaaFaaF gy FooFa3) T Tyt Foy(Fy oFpy F 1 Fp )73 +

- 2 -
Fy3(FiaF37F ) Fag) Ty + Pyg(Fy4F 4, F22F33

)
+

- [
8

Alsé, from eqn. (3.18), it follows that-

f

!

12833 * £1Fp3F 32 + B3Fp5F 5 - £F)5F

s

_for noninverting circuits and’

, L

1
«

-

‘f2F12F33 + £L.F .F., + f.F .F - f

11¥22F330 77273 *

1F23%32 * f3F20F 13 = £1Fp5F35 -

11Fy2F217F11F 5007573

2

(3.19)

(3.20)

2,
2

)17, >

1FaoF3; = ¢

£

2

0

(3.21)

\

zF

13¥32

(3.22)

13

F

v

32

2

o
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\vl ¢
| ,
!

_ - 53F12¢23 >0 | (3.23)

/”’ for inverting realizations,

’

' The s-compensation and'sz-compqnsation conditions can

o

P

/ R -
/ 1 Faf

(Fa3F327F22F33) 1) + (F)4F 3~445P 33072

/ be expressed as

/ ‘ (F12F51F11F22) T3 = L F3"05F 30 T +
; (£,F 22" £F)2) GIK i ' (3.24)
7
///l .
FlataTy * FaaTyTy * Fagfyty ¢ ~f T (3.25)

Further, in view of éqns. (3.18)° to (3.;5), the

following must also hold

R

1F35’?3F13”2 * ‘f1F22 2F12)73 ¢ 0 (3.26)
1 \ '
£, >0 ‘ G, N Lo (3i27,
for noninverting realizations and f-‘* \<  .
, i - . .
{ o (£)F44=f,F10) T, + (lezz-tz 12)1 z | (;.28)‘
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f.oc0 : . - (3.29)

for inverting ACVKs.

v

*  Each voltage v, can be written,as

1 ..‘ + - -_' "
Vk Vk o ‘ ) ' , (3.30)

where v; and vE are the voltages at the.noninverting and the
inverting input terminals of the .kth OA, respectively,

referred to ground. Hence,

&
1\’
v]'( v;-v-k ‘b - .
F,. = — = = Fo.o=- Fo . (3.31)
kj Vj'vh=0 vj IVh‘O kj kj ;
h#0 h#0
v v, < v, :
+ -
fk=% . kv.k = £, .- £ © o (3.32)
i vh=0 j vhso .
h#0 h#0

Also,: bccadsq 4;;jrkj's and the fk's are realized by
a resistive network, it is easy to show that the following.

restr}ctions_must hold for all k=1, 2, 3.

\

1
v

&

’

amerp -

N/
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<
P
ff+1 Fri<0 . R (3.33)
j=1 ] p '
P, |
+ F . <0 - o (3.34)
k w1 gj - -
e - , .
0 X Fpy 2l : (3.35)
v )
hd - ‘ ' .
0 < fk <1 (3.36)

3.4 CLASSIFICATION AND GENERATION OF 3 OA ACVAS

2

+ ACVAs can be broadly classified into two categories:
noninyerting and inverting Eircuits. In order to simplify
the design of noninverting 3 OA ACVAs, the study of this
kind of VA is limited here to circuits possessing infinite

input impedance. For the inverting ACVAs, both infinite and

‘finite input impedance are - acceptable provided .the
gujdelines referred to in the previous section are observéd.,

For this reason, noninverting and inveiting ACVAs are going

»
to be treated separately in the remainder of this section.

»

3.4.1 Noniverting 3 OA ACVAS

4

The netﬁqu} must congain the minimum number of

resistors, Clearly, then, the resistive network must

contain as few nodes and branches as possible.
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Additionally, any branch between any two nodes must
;epresent a single resistor. Obviously, the minimum number
-of nodes for the resistive network in Fig. $-1 is 1l.
Therefore, the most general configuration for the resis;ive

network is as shown in Fig.' 3.2 where each branch

represents one resistor.

d

Based on this general configuration, it is not
diffigult.to show that the input current I,, the current
that would be drawn from a voltage source of value vy

connected between node 1 and ground, is given by

~ -
I, . + - + e _et
i = 06 G(1-£])4G) ¢ (1-£])+G) 5(1-£3)4G) (1-£3)4G) (1-£3)
- 4 - + -
Gy, 101-f3) vy =[Gy oF14#4Gy (Fy1%G) 7F51%C1,8F21

‘*G1,9F31*G1,10F3Q3V1 - 06y sF15%Gy F12%61,7F22%C1, 8T 22
+ - + - + -

*G1,9%32%01, 1073272 ~ F01,5713*C1, 671371, 7723761, 8723
+ -

*Gy gF33%Gy 19F331V3 -

(3.37)

G, . = .
where i,3 1/ Ri,]

connected between nodes i and j.

and Ri 3 is the value of the resistor’
[ 4

If the circuits are to have infinite input impedance,

Ii must be zero regardless of the values of Vir Vi Yy and

V3. . This requires the coefficients of these voltages in

(3.37) to be ;qual to zero. From Fig. 3.2, we note that if
+

Gl,i = 0, then f(i-3)/2 = 0, for i=5,7,9. Also, Ef Gl,i =

o
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Fig. 3.2: The general conf{gﬁration of the
resistive network. '
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- »
0, f'(i_‘“/2 = 0, for i = 6,8,10." Further, it follows from
: + hs A
eqgns. (3.33) and (3.34) that if f; =1, thenF,, =F , =
+ At

F:3'- 0, i ='1,2,3. 1In view of these observations, it is

easy to show that the necessary and sufficient conditions
+

for I, to be unconditionally equal to 0 is "that f;, o =
1,2,3, assume values equal to either 0 or 1. Hence, there
are 64 ways of assuring infinite inpht’ impedance for the
circuits. Some of these conditions, thevet, conflict with
one or more'of the eqns. }3.18) te (3.36). Also, some
solutions are found to be similar to others 'except for an

interchange in two subscripts. This is equivalent to

interchanging two OAs in’the circiit. Consequently, after

carrying out all possible simplifications, it can be shown .

that all infinite input impedance noninverting ACVAs

employing 3 OAs belong to one of the five classes shown in
-

Table 3.1. In the same table, the characterization of each
class in terms of topological connections between the input
of the overall .network and the inpué of each OA is' also

~<
indigéted. It is important to mention that it may be

~

necessary to renumber the OAs in"order to include a given

circuit in one of these five classes.
-

We shall now impose the requirement of tunability,

that is of independent control of the DC gain, the s- and

2

the s“~compensation on the realizations. A rational way of

incorporating the tunability requirement systematicalﬁy into

the realizations is by subdividing each class into a number
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4.

»~
r
'y

, , '
TABLE 3.1: CHARACTERIZATION OF THE CLASSES THAT /
REALIZE INFINITE INPUT IMPEDANCE

NONINVERTING ACVAs.

)

+ - + - +

CLASS ‘fl £i1E, |5, |85 £, .
NI3A 10| 0] 0o 0
NI3B 1l of o0f0]o0, 1 ‘ !
NI3C 1l ofo| 1o 1 4 )
NZ3D 1l ol oy o011 0
NI3E 1] 0] ofd 1)1 1] ,

SR E ) 4

Fr

b
hi )
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of types. Each type may then be investigated to ensure’ that
it consists of structures whigh possess the above mentioned

AN

tunability property.

-,

-

Realizations in each class have to satisfy conditions
(3.18) to (3;5%). Consequengly, any of these conditions can
be used to generate types of realizations in a given class.
These types, if they satisfy the other conditions as well,
will correspond to valid realizations. The condition
represented by eqn. (3.24) 1is a convenient one fér
genera¥ing types. % toﬁsidering that equation, theée are
three terms_in the left hand side and two in the right hand
side of the -equality sign. Types can be generated if”we
attempt to satisfy that equation with 1, 2 or 3 and 1 or 2
terms in the left hand and right hand sides, respectively.
In this mannet, a maximum of 18 types for each éf the 5
classes can be derived. A thorough investigation‘reveals
that only a few of those types will lead to tunable
noninvertingfeACVAs possessing infinite input impedance.

These types are showﬂ in Table 3.2.

Table‘;T%S also shows that only the realizations
belonging . to types NI3B-1, NI3C-1 and NI3C-2 will not
require tracking OAs. Type NI3B-2 requires tracking OAs

only for the sz-compensation.

It 1is also interesting “to note that the types NI3A-1

and NI3B~3 are the only ones to realize voltage followers.
~ [ ‘

¢

N
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Howeéer, the latter will not realize voltage folloqers if
the OAs have identical GBs. Furtherﬁore, if the wvalues of
the GBs .are close Lo each other, even while being different,
a lérge resistance spread will be necessary in both) types to

¢ 4
realize a voltage follower.

s

+ The next step is to obtain the amplifier circuits for
each type. This task can be accomplished by means of
sequential resistor eliminations in  the general
cqpfiguration shown in Fig. 3.2. These eliminations are
similar to those performed in the previous chapter and are

based on the characterization”™ of . each , type. Let us

n “

illustrate the’procedure for one of the types.

Consider type 'NI3B-l. As a consequence of its
'charqgterizatioﬁ and of eqns. (3.18) to (3.36), it follows
that ’ | .
» ﬂ ' N

]



'-"-‘*'R&Y\'“' Bl L Y O,

110 ' - Lo
These equations ' lead to"the following resistor

eliminations in the graph show‘n 1}3_ Fig. 3.2

I . -
.

+ ' X = = ’ *,- ' -‘- ¥
f)mL = Gy, 5 * @Gy 57CG3,57Cy,5"C5, 7"C5, 8"%5,9™C5,107%, 1170

£, = 0 => Gl,6 = 0

1,7

f -0->Gl,9’

£371=>61,10 **%2,107%3,10"%4,107%,107%7,10™%8, 10710, 1170

h

*a
»
v R

+-0-"2’G n / -

Fa2 3,7 | 1
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After all these  eliminations, the ghaph of the _
4 - 1
circuits of this type is shown in Fig. 3.3.
Under close sc;uting, more eliminations areypossible

as follows

+
33

!

+ ‘ + - =
‘ Foy # 0 and F 0=> Gy g =0

+

33%0=>G

F23 £ O aqd F 8,9

-0
. - + . o
Fi; = 0, F1, A0 and Fy; F O = Gg o =0

Fap = 0andFy)#d0=> Gy g =Ggg=0

W 4

>

Because the values of FI3 and FIZ can be arbitrary

(piovided they are different from zero), G6 11 is not really
s N ’

Tt
8 ‘
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necessary. .The final graph is shown in Fig. 3.4.

F23 can assume any arbitrary positive value. By
attempting to realize this voltage ratio with a minimal
'number of resfstors, the realizations shown in Table 3.3 are

obtained.

Following a similar procedure for other types, the
circuits shown in Table 3.3 - can be obtained. Some

observations ‘are in order at this stage:

(a) In all types, there is a realization that
employs the minimum number of resistors and
other, more general, embloying more componentéﬂ
These general configurations often offer a
certain advantagg at the expense of a slight

increase in cost and complexity. For instance,

/ ,
they can be designed to possess given’phase and
gain margin while their minimal .counterparts
cannot.
(b)) The first two ACVAs of type NI3B-1 are

'cdhpletely equivalent. They are preseénted as
different circuits only for the sake of

completeness,

A summary of the general properties of eacﬁ circuit

is shown in Table 3.4. : B
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’

. Fig. 3.3: Configuration of type NIBB-} after thé
" preliminary resistor eliminations.

Fig. 3.4; Configuration of type NI3B-1 after all
possible resistor eliminations are performed.

™

A
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3.4.2 Inverting 3 OA ACVAs

As it was already mentioned, inverting ACVAs can
possess either finite or infinite inégt impedance. Howevér,
for reasons that have been mentioned before, the study of 3
OA inverting ACVAs is restricted to orthogonally’ tunas;e
circuits., Af this point it is worth considering the

following theorem:

Theorem 3.1 . s

It is impossible to realize an orthogonally éunable,
inverting, finite gain, 3 OA ACVA possessing infinite input

impedance.

Proof: //

The input cﬁrrent, Ii' flowing into an ACVA is ingq
by egn. (3.37). By using the same conéigerations that ‘were
used for noninverting circuits, it can be shown that the
necessary and sufficient conditions for Ii to be zero
regardless of the values of Vie Vir Vg and £ is that fi, i
= 1,?,3, assume values equal te 0 or 1. Again, there are 64

ways of assuring infinite input ippedance for the circuits.

Nevertheless, if these solutions are examined under the

p

i
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= u

-constraings imposed by eqns. (3.18) to (3.36), only three

of them lead to stable, infinite input impedance, inverting
ACVAs. They are shown in Table 3.5 as classes of «circuits.

At this point, let us examine each class individually.

Class II3A A

2

For this class, the s- and s“-compensation -conditions

are given, respectively, by

"
\HQ 1 AJ 'l
+ + - . -
(Fy3F 30 F oyl ) T +F 3F ) To#F ) pFy Ty = ~FygK T,-F, K 1,
(3.38)
and- : N
FoTuiTa # FouTaTa = k"1t 1 (3.39)
227173 * F3311 7, 273 , .

This class will lead to tunable realizations if and
only if Fzz and F33 can -be varied without affecting (3,38).

For this purpose, the terms in (3.38) must occur in ‘such a

way that F22 and F33 are factors of appropriate terms in .
. \
both the left and the right hand sides of the equality sign. \

In this scase, these transfer ratios do notfaffect the

s-compensation. Below ~ are ~ shown all the possible
/y w? ‘-) *

?,ﬁ
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4

R J ,
arrangements that yield this independency between i@e two

~ ; ,:\, ~
/;ompensation conditions.
Arrangement a: F, = F' _F. = 0, F,, = +F .t
ngement a: ¥22 T F12f21 7 Y 33 7 ZF23 13 ;
7§$&J{ + + '
Arrangement b: F22 = F12F21 = F13F31 = 0& ?33 = 1F23
Arrangement c¢: F,. = FL _F.. = F__F F . = -F .
T 22 12721 23732’ "33 13
. AN
+ +
Arrangement d: F33 = F13F31 = F23F32 = Q% Fzz = -Fl2 .

7
The third arrangement leads toa DC gain equal to
zero. It can be’/seen by inspection that the other 3
arrangements lead tﬂ an’interdependency between the DC gain
expression and the . s—~compensation condition. Therefére,
there is no orthogonally tunable, inbertiﬁg ACVA in class

II3A. : _ o -

' ® ‘
Class II3B ' '

n

For this class, the s- and ‘tﬁq sz—compensation

¢

conditions are gian, respectively, by

TT—

—

R - + - +
(FyoF33=F3F3p) Ty =F ) gF 33 To+F) Fp Ty =
- + -1 U -
(F33-F13)K TZ-FZZK T4 (3.40)

and . ‘ . /
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TABLE 3.5: CLASSES OF INFINITE INPUT IMPEDANCE ACIVAs
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cass | |1 ] ] f f;
m (o (1 Jo | o o @
e (o0 |1 o] o] 1] o
3¢ {0 |1 1. 0 | 1 1.
I
¢ 1
. ’ '

c
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TABLE 3.6: DIFFERENT CLASSES OF TUNABLE ACIVAs..

¢

CLASS - CHARACTERIZATION
' ki
IF3A | F,/#0  F,, = F33 -0
o FIB|F.,.#0 "F, 6= - o“'
11 22 1"y
IF3C | F, * 0 Fpg #0  Fyy =0
IF3D "Fpp 0 Fyg # ‘o Fy, = 0 |

¥

>

Y
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e

- = g} - (3.41)
° FZZT;T3 - F33T1T2 K ToTy .

t
As it was the cdse for class II3A, in order to be
able to adjust these two equations independently of each
other,‘the terms in (3.40) must be arranged in such a way
that F22 and. F;3 are factors of’;ppropriate terms in both
sides of the equality sign. The,possible arrangements are

shown beiow

; ' i + + - ‘
Aﬁrangement a: F 22 ® 12 2 13=x0, F33 = F23 *
+ - »
Arrangement b.L é3 0, = -F12 = —F32
&
+
;Arrangement c: F33 =‘F23F32 o, F22 = -F12

+ . -

Arrangement d: 233 = F12F21 = 0, F = -F
Sipce it an be seen by inspection that all these
apra‘iements leagﬁho an interdependency among the DC gain
expression, the, s- and the sz-compensation conditions, it

follows that it 1is impossible to realize a tunable,

invertinj ACVA of class II3B.
&
Class II3C ‘

For this class, the s- and the sz-compensation

conditions are given, respectively, by
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- - - - + - + -
(Fp3F327Fp0F 330 117F13F 31757 F10F01 73 = o

- + -1 - + t
(F33-F13)K ‘l‘2 (Fzz-Flz)K T3 (3.42)

and

- = k" Lr.q ) //”7

""Fa2T173 7 F33TiT) 23 (3.43)

9 ~

The only arrangement by which (3.42) can be made

independent of (3.43) is

- - =7 = T = -
«Fag = Fp3 = 0 Fag = Foy :
- Unfortunately, this arrangement contradicts eqn.
. x .

(3.18) .. Therefore, it is not possible to realize a tunable,

finite gain, inverting ACVA of class II3C.

Since classes II3A, II3B and II3C are the only ways
of aésuring infinite input impedance while satisfying egns.

(3.18) - to (3.36) and none of these classes lead to tunable,

‘finite gain, inverting ACVAs, it " follows that® it is

impossible to realize such kind of circuits with an infinite

inpu% impedance as stated in theorem 3.1.

/’
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) Because of this theorem, the remainder of this
section deals exclusively with the classification and
generation of activély compensated inverting ﬁoltage
amplifiers ‘(AéIVAE) péssessing finite input impedance. If
we consider that’the ACIVAs are supposed to replace their
conventional counterpart (Fig. 1.2b) which also possesses
finite input impedance, the nonexistence of tunable ACIVAs
w?th infinite input impedance is not a major problem for the

analog circuit designer. ' ﬁﬁgﬁb

In order togsatisfy the tunability requirement, egns.

(3.3), (3.24), 'and (3.25) must be adjusted indepeﬁdently of
' w3

each other. A look at these equations, however, reveals
are all

that this 1is not possible if F and F

117 Faz/ 33
different from zero. Therefore, one or two of these three

transfer ratios must be equal to zero in the‘ACITfs.

. Consequently, it follows that all tunable ACIVAs can be

included in one of the classes shown in Table 3.6 according-
to the local feedback around each OA. Since there 1is no
clear distinction between OA-2 and OA-3 in the context
discussed so far, it may be necessary to renumber the OAs in
order to -‘include a given circuit in one of these four

classes.

_This classification by itself, however, is not enough
to assure the tunability of the circuits. A rational way of
incorporating the tunability requirement sistematicaliy into

the realizations to be obtained is by subdividing each class
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into a number of subclasses. Each subclass may then be
investigated to ensure that it comprises structures

[

possessing the above mentioned tunability property.

Realizations in each of tﬁe classes have to satisfy
eqgns. (3.18) to (3.36). Consequently, any of those
conditions can be used to generate sgbclaSSes of ACIVAs.
The condition represented by egn. (3.24) is a convenient
one for this purpose. CPnsidering that equation, there are
three terms in the left-hand side and tﬁo in the right-hand
side of the equality sign. Subclasses can be generated 1if
we attempt )Qo satisfy that equation with one, two or three
and one or two ferms in the left-hand and right-hand side,
respectively. In this manner, a maximum of 18 subclasses
fq& each of the four classes can be derived. A thorough
investigation reveals that 0niy a few of these subclasses
will lead to tunable and stable ACIVAs. Also, 1in some
subclasses, there are more than one way of realizing tunable
and stable circuits. Each of these Qays corresponds to a
different type of circuit in a d?%en subclass. All possible
types are shown in Table“3.7 along with their individual

characteristics.

It 1is interesting to note from Table 3.7 that
subclasses IF3AB and IF3AD are the only ones whose

realizations do not require tracking OAs,

S
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TABLE 3.7: CHARACTERISTICS OF THE TYPES THAT REALIZE STABLE
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AND TUNABLE ACIVAs,

SUBCLASS | TYPE CHARACTIRISTICS DC-GAIN S-COMPINSATION SI‘CUH!!NSATION STABILITY CONDITION
7,0
L [£,20,0,,50,2,50,7, 50,2,50,7, >0
i 7,;70.8,,20.7 .50 ;
T3y
) £20.0,,>0,£,50.8,,>0,£,50
132082071 120,9 120 -t S g AT LR PR A TLETLE PR
IF3AD T, M n [ I I R
s N uwhafaf
3 10,7, >0,£20,7, 50,150
32071052 0,F %0 )
¥,
§ €208 >0,£0,F,,50,£,0 ~
F3)00:7 00,570,770
f,oF, o, =f,=0 -t Poulyy =
PIAT R TRLEY 1 LT e )
IFIBA | 1 - . T T * % n TR PP AP
T332 1 10,0 N
LTS
¥, 0,1, =0 -t
21"073; 3 -1
1ries | 1 T p g er o Fan =hE 'y Frafasfa™®
1723 127028 13 as
¥, .0
13 + + v - TS T
rranc | 1 LA o Ty e et P23 337 Tl 291
F3nc 17025527 22Ty r + =1 2517 F Y -+
4 -t K 1.0 -F, . F, t.20
a0 rt 08" 3 *H 2F 0%
170:F 370 Fy, &
723730
1 _HeR T, F %0
GGl g, f ‘el 1 e
IF3BD e o M PN N
2 (egTip " . R IR PRI APPIETRE i [
17121322
1,0 4 v, 7 1.7 ~
n 2 + bl - - - walan?anfaan
IPIBE | L - - - - '32‘1-‘)‘ T, qul-lll Ty
ACTINT I ST ) v TP, 130
17023712037 1371y 21 2712 Yy
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13 + - -
- Y T, T
I 12"
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ool ™ -fx e
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IF3CB =5 T - Y
2 i IR AR
2 BT T2 EPLP ST
13T
o
| -t L M ,
+ - .
1ricc | ! .-Piz- - — ?"f;“l { 113221 Fials3Ty0
T IS I T ' n -7l 1272373
PR AT A TULAP ) n 1%
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TABLE 3.7: (continued)
-«
a
e
suscLass | rree CHARACTERISTICS ve-catn|  s-conrensarion  |s?-comrensation STABILITY CONDITION
) - ; -1
IrP3as ]t , T el LT S ST - SEEIETATRIAN 'S
1
37732, ~0
1
Y)>°,131>0 P1]>° r >0 ’32
2 ’z"n"u"’
s e = - A RV UATU i

s 'z"n 11'° Ihw | »

C130,1,50,7, 50,7 150,7,,50
. £330

1r3as £0,7,,70,F, 10,2, .50,,,50

s 71730

£20.0, 20,7 10,1,50,1,0,£,50
. 7™

£0F D00 013 50.0550,8000 -ty i) I e

¥ F,.=0 7 31"ty 1™ alifufnte

; 1270 2

120,79 20:0 320,74, 20,7,,>0,2530

T2y

8 1 100,05, °0,7,520,0,, 20,7

3 32”0

!3>0

1 £20,7,,70,£,50,F 50,1,
£3°7,3°73, "0 ‘ :
20,£,%0,F,,50,1, >0

2 tl>0

AT 127979

F2370:749>0 “f | Tafag "12'21 3
IF3AC f.of -0 r. -

FFLF, 20
3713 n -—1,r \Q_ ni2'a
3 £,50,7,,>0,£,50,7,,50,7, >0 . o
-~ '

120:74,20. ¢, 2

7537074730

£33y ™0

4 f‘>0.lu>0.!1>o,y >o,|rn

>0,r

T23°0:1y,0

1377 13Ty ™0 P ; 3
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TABLE 3.7: (continued)

SUBCLASS CHARACTERISTICS pc-oamn| s-cormmsarion  |s?-conrasatiow STABILITY CONDITION
¥, ¥,,=0
3732 . : 2
.- U R A TU PP TR )
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1 ) ety 1
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/
Having identified the types that lead to tunable
ACIVAs, the amplifier circuits can now be obtained. This

task 1is readily accomplished by using the characterization

[~

of each type, the general configuration of the resistive .

network as in Fligq. 3.2 and the resistor elimination

procedure mentioned before.

. Since the procedure is similar to the one used in the

previous chapter for 2 OA ACVAs and in this chapter for

.noninverting 3‘ OA ACVAS, the elimination procedure is

iluastrated for only one of the pdzsible types.

Consider type IF3AB-1. As a consequence of its
B}

characterization, the following resistor eliminations are

1]

possible
F2270 => G =G5 g=0

.
0 S

F 4,97%4,10" )

3370 => G

a

£270 => 6,776,570

4

F,,=0 => G G 0

32 3,9 °3,10"

’ 4

-

o
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frug = G, _=0

1 1,5
\
f2-0 and flfO > G6,7-G6,8-0

Fi.=0 => G

11 2,50

f;-o = G

F.3 =0

1m0 = G

2,10

+
F13=0 => G, =0

+

Fi2

=0 => G. .=0

3,5

»

=0 and £]%0 => G

£,

6,10

o b o
F117F127f17F)370 =% G5 5765 4705, 9705, 100

L

- +
Flzﬂo and ?32-0 -> 66,970

+ . .
F23ﬂ0 and F33-q ‘f@&ﬁv.3?57.10'°

1,107° | \‘\Q\\

oy
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)}
+ -
f3f0 and f2=0 => qug-o B
1 k]
Fy3™0 and F3,#0 => Gg ;=0
o [

Y

By . performing these resistor eliminati?ns, the
géneral graph shown in Fig. 3.2 can be significantly
. reduced. A closer look at this reduced graph reveals that
G9,ll is not really necessary because only the ratio between
f; and F;l is relevant and not their absolute value. The

same reasoning applies to Fll and f1 and Gﬁ,ll can also be

eliminated. &

This resistor elimination proceduie can be applied to
all types in Table 3.7 in a similar way and, for each type,
a reduced graph can be obtained. These reduced graphs gre
shown in Table 3.8, .Now, the graphé‘ in this téble are
simple enough to alldw:* the circuits to be obtained by
Attempting, for each type, to realize the F;js and fis in
different fashions.- Because a‘very large number of circuits
(150) were obtained by the application ®f the procedure just
. describgd, the‘reélizations obtained are described in Table

3.9 by indicating the elements of the resistive network

embedding the OAs.
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TABLE 3.8: REDUCED GRAPHS FOR ALL TYPES OF TUNABLE
ACIVAs.

N
>7

Ko

1

' /
0 IF3AC-4
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TABLE 3.8: (continued)

IF3CD-2

1 6
2 7
5 1
l
4 8:10
IF3Da-1

IF3CD-1
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TABLE 3.9: DESCRIPTION OF THE RESISTIVE NETWORK FOR

|

TUNABLE ACIVAs.

M.l"lll

PR

DESCRIPTION

IFAAA~L

Ry "R/ agily 9=R(1-a)ify g=R/a|iRy g=akiRy 5=0iRy g=R/azikg g=R7 11"Ryo, 110

Ry "R/ ag3Ry 10"R(1=a)iRy g=R/a)ily 1g=akiRy =05k, g-R/ayiRg g=Rs 1 "Rg 13°0

IP3AB~1 *

Rl,S-KI'A;Rl ,9-“‘-”);'2.6"/‘1;.2,9-B”l)'6-"'2;‘6.6'”'3;‘4,Y.IS,ll-Rl,ll-llO.ll-o

Ry g R/agiRy g R(1-B)iRy g=R/ayiRy g=BRiRy (=R/aiRy (=R/83iRy y=R(1-a)iRy qj=akiRg |;~Ry 1 "Riq =0

ll's'l/lg;lla'l(l'ﬂ)ilz.b'l/llilz.’-ﬂl;l3'6-l/.2;l‘J'l/lj;l"s'ul;l'.ll'l(l-u);ls. “_'Rlo'u_-o

FAAB-2

Ry 6~R/agiRy g R(1-0)iRy g*BRiRy (“R/ayiRy o*W/aqiRy g=Ry g"Ry 1"Ryg =0

IR0, 6m0/agiRy 9 ROI-8)iRy goR/ay Ry g=BRRS (=RagiR, (~R/ayiRy =Ry =Ry 11°Ryp 10

Ry g "R/apiky g=R(1=B);Ry c=R/ay;Ry 9=BR;Ry g=R(1-7)iR (=R/ayikg 11=TRiRy g~Kg 131°R1g 1170

By g0/ agiky g=M(1-8)iRy (=R/my;Ry g=BRiR, (WR/ayiR, g=R(1-a)iRg ) %akiRy g=Ry 1 1"Ryg 310

By 6"R/agiky g=R(L-8)iRy goR7ayiRy g=BRiRy ("R/ugiRy =R/ayiky g=R(l=a);Ry | =akily g=Ry ) "Ryg 1y =0

ll.b-llnzzll.9-l(1-a);l1.b-l/nl;lz.,-pl;13'5-l(lﬂ);l"!-l(l-u);l‘.s-l/la;ls'u-rl;la'u-al.,b,'“-Rm’“-o

By 67R/agiky mR(I-B)0y (=R/ay5Ry g"BRiR, "M ayily g=(1-0)Riky gy makiRy =Ry 4oRyq gy =0

7 ]
Ry, 6"R/ai iR g R(1%8);R; (=R7ayiRy gmBRIRy goR/agiRy (oR/ayiRe y=R(1-a)iRy | =akiky =Ry p=Ryp ) =0

I
Ry ,6"‘/'2 H 8 '9-1( 1-8)iky ’sﬂllnl ity '9-al;13 '5-1( S NN ,6"‘/‘('" '7-7.( t=a)%; 15‘ 11" Ry , 1o %, g=Ry , 11"

o gl o]

. 8): ks c=R/ax: B o/ 8 Ry a"Re quBTS =
Ry, R/a3iky 10 R(1-B)iky =R/ayiky 1g=BRiky =R/agiRy g=Rs s=K714"R9, 11 =0

rd
{-,

f

Ry "M agiky 1o R(L-B)iky g =RIayily 1g=RiRy (=R/agiRy ymakiky g =R(1-a)ik, gRg g=Rg 1170

B 6 R a3ily 1oTRLB)iRy R/ ay iRy 1gmBRiRy "R/agiR, goR(1-uw)iRy | =ukiRy(3<Ry 11 iBg 11 "0

Ry 6"R/ 6k 1omRL=BYiRy R g8y 1 gmBRily o= ag R, (=R/ayiR, g7Rg gRy 117Rg 110

%, ,s"‘"u"1,10"‘“"7”1,6"‘“1;‘2;10'9‘?‘3,5"‘/'2ile_s‘”‘si't ’7-al;l1,u-l(l-a);lb ,a"‘s,a"‘s,u"’

51,5"/‘5?‘1,m"“‘”?lz,s""15‘2,10'”;13,6""2115,5"/‘3;16,a"(l"“)i‘s,n‘“;la , 5"R7,11"Rg 11 ™0

Ry, 6"R/a3iRy g =R(L-B)iRy g=R/a) iRy 1 o=BRiRy (R/8p Ry soR(1-Y)iky | YRiR, g=Ry 11 "B 1} =0

Ry g R agiRy 1o"RU1-B) iRy g Ria iRy 1g=BRiRy =R/ R, yuaRiRy 1 =R(1-a)ikg y=Ry 4=Rg {;=0

By 6 R/a37Ey 10 R(1-8)iky g=R/ayiky 1 =BRiRy =R g Ry g=R(17a)iRy 1y =akiRg q=K7 11 *Rg 110
—a '

Ry,6"R(I=B)iNy (=BR;R, s=R(1-Y);Ry sYR;R¢ 7Rg 10%Rg 1} °Rg 1)=0

Ry g"R(1-B)iRy (=BMIR, soR(1-V)iRy oYRiRg g=akiRy | =R(1-a);Rg =Ry 1=Rg 10™0

Ry, 6"R(1-8)iRy ¢=BR;R, s"R(1-Y);Rq g=vRiRg y=(1-a)RiRy ;i =aRiRg 19°Rg 11*Rg 1170

ll's-llnz;ll.7-l(l-s);ll.,-l/bj;lz"-l/ll;l1'7-ﬂl;lz.9-l/bl;l3I,-l/bz;ls'114|!!=;;l10.11'0

Ry s"R(1-B)iR) (o=R/agily ¢=BRiR; 1g=R/a1iRy 1g=R/egiR s*Rg 3=y 1;"Rg 110

Ry 6 R(1=B)iRy 1 g"R/ayiky o=BRiRy 1o=R/agiRy s=R(1=a)iky ) =aRiRy 19=R/8 3Ry 7Ry 1) =Ry )0

Ry,6"8/02iR 1 R(1=a)iky "R/ agiky ¢=R/by Ry gmakiRy 1g=R/8);Ry 1g=R/agiR, R/byiR, =By 13 "Rg |1=0

NOTE: RESISTORS NOT MEWTIONED IN TRIS TABLL ARZ TO MBI CONSIDERED AN OPENM-CIRCUIT.

t

-

et
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TABEE 3.9: (continued)

/"} '

DRSCRIPTION

IFIAB-7

By g"Vagily mRU-8)iRy oW/ iRy g=BRiR, (=R/agiky 9~Ry 157k 11=0

B, 68 035k g RI-B)iNy (=R/ayiky gfRiky j0=Bil-a)iR =R/agikyg 11 =uRiky 9=Rs 11 7Ry, 1170

Ry W agily gTU-B)IN) gmUbyNy (WayiRy g=BRiky g=R/byiky TR/byik, (Rayiky (g=Rs 117hy 11=0

IF3AB-8

By, 6" (1PN (WBLRg =R 10"R4 503 9"%7 110

(R, et mBIRGRy PRk, "R(1-T)IRy 3 "YRiRg g=Rg 10"Ry,97R7, 110

By 60 agiky g1mBIRy g /ayiRy gLk o oRIagiky 9By sUy 107y, 110

B, CU-DIRRy gwBRiRy g=(1-u)RiRg ) ~eRiRy, 5=R¢ g°R6, 10727, 1170

By, U0, (oBRiRy g=(16)Riky g=(1-7)RiRy 1 "akiks ;1 =YRiRg g°Rg 10°07,110

By ¢"(1-BILiRy ("R ayiRy (~fLiRy (og=R/apiRy o=R/agiRy g=R, 5°R¢ g8y 110

By 6 (=BINy 1" aiRy (oBRiRy 1ol a iRy 1goR/agily s=(17)MiRg ) =YRiRy g=Rg g=Ry =0 re

ny ,‘-u.l:nl '.'(l'ﬁ)l:ll 'm-l/ba;lz"-l/ll;lz..-ﬂl:lz. m-l/bl;:,. m-l/bz;l.’s-l/‘];ljd-l"5-l7 110

IFAAC-1

Ry "ORRy Gol-ad Ky (g goalily §7Ry 57hy 1070, 110

g

Ed
By 6 (1-8IRR) J=(1-0)RiRy (=ARiRy g=(1-7IR;Ry g=alily ;) =YRik; g=Ry =Ry =0

Ry ,g=(1-80R Ry 5=(1-a)h;Ry ¢=BRiRy 1g=(L-VIR:R, yaRiRyg 11=TRiRy g=Ry gRg ;=0 ° ¢

1, ,6'( - .7-1/11312 .‘-ol;lz‘ 7=R/8iRy . 7-lln3al2'.-l.3 578, m-n,’u-o

Ry 671IRIR, SRy iRy ("PRiRy 77R/ayRy 9=(1Y)IiR, 7°R/a4iky 1 oYRily goRy goRy (=0

-~
L 3] _"'l(l‘ﬂ m; 11.7'1102;11 .Q'ﬂl;lzJ-llll;l,. o ad8%a 0! 1 1Y '7-l/l3;lm. H."l;ll,!"s \ 5"29,1170 N

By om(1-0IRiR) J=(1-a)RiRy (oBRiky g=(l-y)RiRy juaRiRg ) =YRiRy g=Ry 1Ry 110

T
By em(1=BRRy =(1-a)RiRy (=PRiRy g=(1-8)R;Ry ¢=(1—y )l;l"fal;lg'u-el;l,lu-vl;lj.,-lj ,107

€ N .
By g=(IBORi Ry g=(loamdhiRy (oI Ry g =(1o0)Ri Ry 1= (11 IR Ry gmakily 3 =8RiRy, 1y =7hiRy 5=Ry =0

i
Ry ,o'"‘)"‘l '1-( l-a)RiRy ,s'u‘l‘lj ,6"{7‘2;"5 7Ry 7% .,-13' 10°%9 'n-o

Ry ¢RagiRy gm(-0hily goR/a iRy ¢oR/agiky ¢=(1YIRiRg goabiky 1) =YRiky goRy goRy 100

Ly 5700yl 5o(1-a)LiRy (o8lily (=Ragiky 1g=(L1ILi8y g=alilyg ) =vRiky g=Ly goRy. )"0

By ,6"Mayily goWibyiky gh/ayiky g oRIb;Ry g "R/ugif( R/bgidy goRy 57Ry 1o7Ry 110

By e VagiRy goR/bgiky g=W/a)iky p=R/%)iky ¢=R/agiky g=(1-7)Rik, 7=R/byiRg |)=TRiRp 4Ry g=Ry 1o~0

AN
L1, 670/a3i%y goRIily oM/ apily goRIB; Ry (SRIagiky 1gn (LT IRIRg 2 RIDyR g 1y YRRy gy goRy gy =0

l.l.‘,-!.lu,;l1 ’7-(1-I)l:lz.6'l/ll;lz'.'(l—y)l:lj .s-l/lz;l‘ L 77aRikg 1 "YRiRy "Ry w-l,.u-o

"1,"‘1'3“1 .7(1-u)l;l.1 .s'l"i‘li Am(1-00R; Ry ,6'"‘2:.3 ,9™¢ 1807 31 J7oRiRy 1 ORIk | YRRy gy ,10%0

R1,oMayiky gm(00kiRy goRagiRy g=(1-00RiRy g=R/agiky 1o=(LVIRiRg poalily 1 =@hikyg 1) =YRiRy §7Rg 1;=0

Ry, 6=(1-PIRIRy o(l-a)RsRy (ofRiRy g=(1-Y)R;Ry y=aRiRg 1y =YR;Ry g~Ry jo-Rg 110

MWOTE: REZSISTORS NOT MENTIONED IN THIS TABLE ARE TO BE CONSIDERED AN OPEZN-CIRCUTT.
— ” ‘v




13

. \
135 "
E ]
h »
- o
- N .
L) .a - Py "“4\
TABLE 3.9: {(continued)
N - L]
ANPLITLIR DESCRIPTION
e \
ll'z-(l-ﬂ)l;ll.7-(1-a)l;l.2'6-ﬂl;l3. 217 )RRy y=eRikg 11™YRiRy g*Ry 1"Ry g=0
Ry g2 (L=BIK K 7o(1-0)RiRy (*BRiRy g=(L=1)MiR( y=aRikyg 11 YRiky g°Rs 10"Rg |1 =0
Ry gm(L-BIRIRy oRagiRy (=BRiRg y=R/apiky g=(17)RiR, 7R/ ayiky | =YRiR;y =Ry 1g"Rg |0
By g m(L=BIRIRY b ag Ry omBRiRy g=R/ay Ry g=(1Y)RR, g=R/agiRs 1 "YRiRy g=Ry 1o"Rg ¢~0
F3ac-1 -
Ry 6= (1=0IRiRy =R/agily ¢=BRiky =R/ ayiRy ¢=(1-YIRIR, y°R/agiRs 11"YRRy g=Ry 1g"Rg 110
By g =(I-PINRy g=(1-a)RsRy gefRiky g=(1-8)RiRy ¢=(1-7)RiBy y=uaRiRy | =0R;Rg | =YRiRy "Ry 110
S
By g (1=BIRy 7o(l-a iRy (=8RiNy R(1-00RiRy g=(1Y )Nk, gahiRs | =YRiRy |{=0R;Ry |gohg g=0
Ry, 7 (LB g=(L-g)RiBy (=ARiRy g=(1=8)RiRy o=(1-7)RiRg ymuRiRg 1 =YRiRy |1 =6RiRy 15oRg 13 =0
By, 5"(1-FIRiRy (=BRiRy g=(1-w)RiRg g=akik) ;=Ry ¢~K3 g7Rig 130
Ry 6=(1-8)RiRy BRRy g=(1-0)RiRy o=(1-7)RiRg 13 =YRiR( g=aliRy 7Ry ¢=Ryg 1 =0
ll.6-(1’!)l:lz.s-ﬂl;lz'u-(l-a)l:ll’loﬂ(l-y )l;.‘,ﬂ-u‘;llo.H.Yl;ll,7"3,5-l3,9.o
7
ll.6-(1-9)l;li'6-ﬂl;lz'.-(l-a)l;ls.s-(l-y)l;l‘.a-ul;l!,'“-yl;ll'7-13_9-ll°.“-0
' 'x.e'("b"“z.6'””'z.u‘(l‘“"ils,s‘(“ﬂ'ih.;“*?ls.u"'i't.1"3.9"‘10.n'°
ll'6-(1-5)l:l2'ﬁ-ﬁl;lz.'-(l-u)l;l:).5-(1-1)151"a-ul;ls.u-yl;ll.7-13'9-l5'm-0
Ry gmMa3iky oM aphy g=(l-a)hiky (=R/agiky g=dRiRy 3=Ry =Ry g=hyg 4y =0 »
y Ry,6"R/ayily g R/ayiky g=(1-a)hiky g=R/agiky ¢=(1-TIMik, goabiky || mYRiRy 57By s=Byq,1y "0
Ry "W agiky "M ayiky g=(l=a)kily g=R/agiky 10"~V IRiR, g=aRiRg 1) "TRiR) 3°Ry g=Ry ¢=0
ll,b'(l'”'"l,7'(1'9)“"2,b‘”‘"z,l‘“")”lb,&"“‘7,11'9‘3IJJ$"3,9"‘10,11'°
. Ry (DR 1=(1-0)hiRy gMARL, g=(1-0)kiky go(1-YINiR, goaRiky | =6RiRg | oYRiRy goRig |10
IF3C-2 ‘ -

r ';S(x-s)x;nl'_,-(l-m;xz L PRiRy g =(1=0)KiRy 1o=C(11)RiRy g=akiky |=8RiRyg 11 =YRiRy ™Ry g=0

L3 .6-(1'1)!;!1 .7-(1-8)l;l.z's-ﬂl;lz.‘-(l-c)l;l3‘5-(l—y )l;l‘.l-cl;lLu-yl;l-,.H-OI:RJJ-IW‘“-O

Ry '6-(1-9)1;11 ’7-(1-9)l;lz's-gl:li'o-(l-u)l;l‘)’5-(1-1)l;l"uml:ls,n-yl;i7’u-0l;l,.9-l‘°'u-0

l‘ ,"(X’B)l; ll-, 7'(1" n; ‘2.6.’l: lz"'(l'ﬁ)l;l: R s-( 1=y )L H l‘ ’..Ql:'s"l'Y‘;l7 ) 11-ql;13 ,9"5 , 10'0

ll 6",.3;ll 7-(1"9)"‘}2 "l/l‘;lz a-(l'ﬂ)l:l] 6"/‘2;“ s'ﬂl;l7 u'Ql;lJ 5-.'3 9‘[10 u'o

2y, PRLYIEH N 7-(1-9)1 lz 6-1111;12 g (l=a)r; 3y, 6-1/.1.13 9= (1= IR, 8"k 17 11°R; 2y 11"TRiRy, s'“lo 1=

ll 6.‘,.1’ll 7'(1’0)‘1l2 ‘.l/.l'll .-(l‘ﬂ)l l’ 6“/‘1 ‘ﬁo‘(f")l.l‘ 3'6! l-, ”.'Gl '10 11'7[ l3 S-l3 9.0

Ry, 6=(1-0RiRy g=R/agiky ("BRiky g=R/ay iRy g=R/a3ik) 7Ry Ry gRyg,11%0

Ry ¢SGR goR/agily (mSRy goR/ayhy g=(1=y)RiL, g=R/a3ily | =YRiR) goRy 5°Rq 10

Ry ,6-(1-”“‘1 ."l/lzi L3 .s‘ﬂl:lg'.'l/lﬁl;.m'(lﬂ )l:l‘..'lltgilm' 1n=rkiny ,7"3 , [ ) '9-0 -

ll ,6-(1.’)l;.l ""l/lz;lz.G*lzlz"'ull;lj's-(lﬂ )l;l‘ ""/l)ilS.ll’yl;ll .1-l3'9'l1°'11'0

Y

! ~ '
NOTE: RESISTORS WOT MENTIONED IN THIS TABLE ARE TO BE CONSIDERED AM OPEN-CIRCUIT.
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TABLE 3.9: (continued) .

\ : 1
)

aNeLirier
e
by

pEsEXIPTION
[ |

IPINC-2

- }
Ry, g=(1=BIRy g=R/agiRy (=BRiRy g=R/ajiRy g=(1Y)RiRy g=R/agiRs 11 =YRiRy 7oRg o9=Ryg 11=0

L .6‘(\\'9 MWiky =R/ agiRy g By g=R/a[iky s=(1-7IRiR, g=R/agiRg |1 =YRiR; 7Ry g=Rg 10=0

Ry oMayily g=R/bpiRy R ayily g=R/biiRy g=Wazily y=RIbyiky 37Ky gy g=h)g 10

T .
Ry gt/ ayiRy goRIDpiRy gR/apiRy g=R/byiRy g"R/agiRy 9=(1-VIRiRy g=R/byikg 1 =YRiR) 7R3 5"Ryg 1°0 ,

ll.6'"-‘3"‘1 .g‘l/bzﬂz'g'lfqilz."l/"lil].s'l/lzil;; 10700y iR 'u-l/b,;lm. =Yk .7-13'5-R3'9-0

Ry "M ayily ("M a1k =(1m0)RiRy g=R/apiRy yeukiky g=Ry 15°Rg 11°Rg 1170

Ry, 60 agiky ("Ragiky go(l=e)Riky (*RagiRy 1o*(1YIR;R, gmakikyg 1) =YRiRy g=Rs 117Re 110

L% 's'lllg iky ,6"/'1;‘2 ’7'(1-0 x; Ry ,6..1.2=l3 ,’-(11)l;l5 '7'¢l;l9 , 1 TRy ,l"‘:.lo"s,n"’ /

l"s-l/la;ll '30(1-0)1;lzls-llnl;lzn-(l-c IRiRy ’6'l/lzl‘.lh '-L:cl;l.‘uiel;lj' 107Rs, 117, 110

v

A" Y
LY .s'n"': iRy g=(1-80R:Ry (aR/ay R,y 3=(1ma)RiRy (oR/a2iRy 1=(1=YIR;R, goaRiRig 1) *YRiRg 1y =6RiRg 1) =Rg 13 "0

th-lI-::ll .,-(1-0 ““2,6'"'1“2.7'“" )l;l3'6-lllz:l3 ‘,'(l-y )I;I‘J-al;l,.u-ﬂ:l‘.u-Ol:ls 17k, 1o ¢

'm"/'v‘x,7"/"2“2.6""1i‘z.:“"ﬁ‘:,s"/‘z‘i‘s,flﬂsi‘x ,87%3,10"s,117%9 110

‘x.6‘u‘3;ll '1"/51;.-2'6‘".1 ;lz'7-l/b‘ {l; '6.l/l2;l3' 10'(1_' nm; “ '7'Ilh3;lw‘u-yl;ll .8"5 '1x.l9“‘1-0 ’:. ~

By 6ot oy Ry =R bgiRy goR/ayiRy yoR/byiRy "W/ agiRy 9o (11 )ik, poR/byily 4y oYRIR; goRy 4g7Ry 1y 20

By ,6"h/ agiRy g(LmaRiRy =R/ iRy (R/ay iRy grakiRy 3Ry g°Rg "Ry 110

By ¢ M ety g=(1-0)RiRy (oR/ayiky g=(1-0)R5Ry (=R/agiR, goakiRy 1) "ORiRy g*Rg 11 "tyg 170

1y "R ayiky g Ribaiky goR/ayihy g=R/byiky .g‘“z‘-‘b,a‘”‘:i‘z.r"s.s“‘s,n“to. Tad

‘1,s‘”'s‘h.s‘("‘"3‘z.s""ﬁ‘:.a"’“{f‘:,i'“‘”“h ,87oRhiky 11 =YRidy goRg ) Ry 11°0

L ,6"‘":'-'1 ',-(\-a )l;lz.ﬁ-llulglz .7-(1-0)1:%-";2:13 .,"(\-1 MR amakiky u-olll,'u-yl:ls 'n-lm , u'&

By,6"WayiRy g7/b2iRy (eR/ayiRy g=R/byiRy o"R/agiRy g=(17)RiR, g=R/byilg 11 "YRiRy 7°Rs 11°R10,1170

Ry "M eyl g (1-a iRy (sl a)iRy (oR/agiRy 1oo(17IRRy gmaRikyg 1 "YRiRy g=Ry g"hs 1) =0

by g b/ayiBy (=00 E) g=R/ayiy 7=(1-0)RsRy (Biagiky 1g=(1-YIRiRy guakily 1 6Rikyg, 1 =TRiRy goR5 110

By oM agily 8RBy iRy coR/ayiRy g®R/byiRy ("R/agiky jo=(1v)RiR, g=R/byiRig |y =vRiky yoRy g=kg ;1=0

Ry, 5 ( LBk (=RiRy g=(1=y)R5R, g=YRiRy g=R g*Rg 19°R7,1170

Ry (1-8)Riky g BRiRy s=(1vIRiRy g=(1-0)RiBy sovRiky | ~uhikg goRg 19771 =0

Ry 6~ (1=BIRiRy gBRiRy (gR/ayiRy 1g"NagiRy ¢=(1-7)RiR, goRiRy 1o"R/e3iky =Ry 1g=Rg §=0

Ry "B/ ayiRy po(1-B)RsRy g=R/aiRy 7=PliRy g=R/agiRy s=Rg 15Rg 1"Rg 10

Ry 6"MayiRy g~(1-PIRiRy g"RayiRy 7oBRiRy g=R/agik, s=(1-3)Rikg |1=aliR; 10=Rg 11°g )1=0 '

Ry M agiky 7=(1-0)RiRy (g "R/byiRy g R/apiRy ofRiRy 1g=R/byily (=R/ayiRy 1o=R/Dgiky g=R/83iRg xRy 1) Ry 11=0

/
MOTE: RESISTORS MOT NEWTIONZD IN THIS TASLE AR TO 3K CONSIDENED AN OPEN-CIRCUIT.
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N TABLE 3.9: (continugd) ‘ ' \ .
AoLiTIER DESCRIPTION
YL .
[R1,670/agi Ry g=(1=BIRIR, (oR/ayiRy guBNIN, g=R/agiky s=Ry 1g"Rg ¢"Ry 110 '
. ll'6-!./n2;ll"o(l-ﬂ)l;lz‘6-1/51;lz.‘-gl;ll'su(lﬁ)l;l"G-llna;lhu-yl;l]‘m-l‘ '9-0
Ry 6"h/agiRy g=(1-B)RiRg gR/ayiRy g=BRiky g=R/agiRy ¢=R/aqiRy s=Ry 1g°Rg 9"Ry 11=0
Ry, gmR/0gi Ry gm(1-BIRiRy (oR/ay;By g=BRiRy 1gm(1-0)R;R, ¢=R/ayiRyg 1 =ekiRy soRe o=Ry 1) =0
IF3AD-3 * ll.b'l/nz;ll.u-(l-ﬂ)l;lzIa-llal;lz"-ﬁilj.m-(l'c)lnj',-(l-y)l;l..s-l/-J;I.,_u-Yl;llo'u-ul;ls'g-l7.u-0
Ry e R/ agiRy g=(1-PIRiRy (oR/ay iy g=BRiky ¢=R/agily g=(1=a)Riky g=R/syilyg 1=akiky =Ry y=K) 1} =0 )
By g Wagily g=(1-FIRRy ¢=R/byiRy g=R/ayiRy g=RiRg g=R/byiRy ¢*R/by;ky g=R/ay;Ry =Ry 1Ry 110
lu,-u., _-(l-a)l;x",-llbﬁl,.s-qu;l,.'-gl;nz',-thl-,l.,,,-u-y)l;l,.,-l/bl;l"s-n/“;ls'n—yl;l,.mq,.u-o
By Wiy go(1-PIRRy ,‘I/b,;lz 6"/‘13‘# gphiky 9=R/byiky (,-lluz;ll 9"/52;“ fl/lg;l; s*ky 10787, 110
IFIAD -4 * [Ny g R/ag3Ry JRs Ry 9"R/by Ry 6-1/;,.12 7fk;R, ,-1/5,.!, 6-&/-1.13 9-llbz,l5 5-1/-,.15 11°%8,11"R10,11°0
. Ry (1miRy |goTRiRy geakidy 1g=(1-7)Rikg y=(l-a)RiRy g=fRiky ,-n, g™ty 110
Ry ,6741BIRIRy 1omTRIRy g(1-a)Riky 1on(1YIRIRY (BRiR, gmaRiRy ¢™Ry yoRg 1) =0
. ll'6-(1-1)l;l.1'w-(l-a)l;lz.w-n;lj.s-yl;I‘J-(l-a)l.l,v_“-cl.ls.a-l,",-lg.u-o - ’ .
n?m Ry, 6"R/a iRy g(1-DIR;R, gBRiNy guR/ayiky g=R/syilg g=Ry 11"Ry0,11"0 ) 1
1F3BC-1 ll"o-(\-v)l;l‘J-l/uz;ll.,-(l-p)l;lz'7-Rlal;lz.,-ﬁl;lj.6-fl:lb’7-l/|3;lb'a-ls‘m-ls.n-o
1rED-1 l}..(l-‘y)l;ll‘7-(l-t)l;ll.w-(l-ﬂ)l;lzJ-ul;lz.m-ﬂl;l]"6-yl.;'l°"-l"5-l,'u-o
R1,em(VIRsRy gm(1madRiRy 1o =(1-PIRiRy kiR \g=PRiRy gYRiRy s=(1-O0Rikg 1) =OR;R, goRg 110
wo-z  [PLsTMariRy g7t/ baiky g (1-INRy g R/byiky, g BRiRy "R/ agiMy g"R/ayiky, 1 R/b3ike 4Ry 11 "Rio,1("C
. l"s-l/tl;ll'7-(l-y)l;ll’m-(l-i)l;lz.7-41;12'10-0_1;13'6-llli;l"5-(l-o)l;l.‘6-1153:l5'H-Ol;ls'i-lg‘11-0
IFIE-L (R (oh/byiRy pe(1-DRiRy gn(1=a)RiBy y=piky o/%yiky gmshghy g"R/byikg gohs Yy 10,110
TFICA -1 [ty goR/agiky J=(10DRiRy g (1=BIRiRy goBRity goR/ayiky goR/agiRy yoikg gohg 1gohs 10
—— Ry (WagiRy 1g=(L-IR7Ry (=R/ayiRy 1ooBkiRy goR/aiR, g=Rg g=Ry 11"Rg 130
Ry 6"R/0y3Ry 1o (10IRiRy (R/apiky 1qoBRiRy (oR/egiky g@(1-a)RiRg | eakikg ¢y (g ;=0
-z [Ls™Maity om0 ik (R/ayily (gefhiRy goR/agiRy y=(l=y )lg‘; JA17YRiRg aoRg, 5*Rg 1170
lx'ﬁ-llas:lx‘m-(l-!)l{lz",-l/nl;lz'mﬂpl;l3'Gﬂltzzl,..5-(11)1;lhu-al;l‘.a-l,.’,-l,'u-o
wacc-l iy a"":"x 7"""25‘i 10 1=BiRy s':"ﬁ‘z 7°R/by3Ry 1 0"BRiky =R agik, 2=R/byikg gohg 1ioRg 11 =0
Y bt L T T e . A
Ny g R/ agiky go(1-0IhiR, (oRayi8) 7ofRity g=R/ayik, s=(1-e)Niky | =akikg g=R7 1o=Ry 1|#0
FRDUSPIN Li ot Xt Y L Y506 i Y Nk Y B Lo ac B =BT A "R/ agihy (=R/ayiRy ;R/byiks 1 1R goRyy 1 0
I R T s g R agiky ¢"R/agik, =R/byiRg =R 5=Rg 110
IFI0A-1 0y goR/wiky g=(L-B)0iRy (o8/ayiRy 1g=Ragikg 1p=h/nilg 11 =BRikyg 11 =R/a3iky 7°Rg 107k 11=0 [30]

WOTE: RESISTORS WOT MENTIONED IN THIS TASLE ALX 70 3R CONSIDERED AN OPEN-CIRCUIT.
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3.5 EVALUATION OF THE ACVAs

‘ . Due to the large number of circuits gener?ted in
section 3.4, it is not practical to attempt to report the
results of a detailed analysis of all the circuits in this
thesis. Therefore, we limit ourselves to only a subset - of
the circuits obtained. ﬁhe circuits forming this subset are
selected in such way that ‘they are attractive in practical
situations and also are representative of th% typical
properties of tﬁe ACVAs irr a general sense. In the
selection of this subset, it 1is useful to note that thg49

applications of noninverting VAs greatly outnumber those of

inverting amplifiers. For this reason, all the noninverting

'3 OB ACVAs will be selected but only some of the ACIVAs

presented in this chapter will be analyzed.

>

@

8
[

A 'look at Table 3.7 reveals that only the ACIVAs
belonging to the 8 types of subclass IF3AB and to the 4
types of subclass IF3AD do not require tracking OAs to

fulfill the s- and the s2

-compensation conditions. In each
of these types, there 1is a most general realization from
which the other ACIVAs in the same type can be obtained by
assigning specific values to appropriate resistive transfer
ratios. Since ACIVAs that do not require tracking OAs are
considered preferable in general and all circuits possessing

this property are particular cases of the 12 general

realizations referred to above, it seems converiient to use

, L
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them as ACIVA prototypes in our study. In this context, it

is worth noting the following points:

(a)

(b)

(e)

(4)

(e)

Although circuits eméloying nontracking OAs are
pre er;ple in general, an  ACVA requiring
tracking OAs may present some advantage (e.g.
smaller phase and gain errors, better stability
with respect to the OAs' second pole,etc.) in a

given practical situation.

* il
The 12 circuits selected as prototypes are

marked by an asterisk (*) in Table 3.9.

The results obtained for the 12 ACIVAs chosen as
a sample can readily be extended to the other

circuits of the same type Dby appropriately

substituting valugé for o, B, Yorray, a5, ag, bl“
b2' b3 as the case may be.
The transfer function, the S~ and

ég-compensation conditions and the stability
condition for each of the circuits of the

gselected subset are shown in Table 3.10.

In order to allow extension of the results ~of
the evaluation reported in this chapter to ;ther
ACVAs, the following seqtfons contain not only
the results of the analysis but also a brief

description of how the ‘analysis was performed.
' ({
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3.5.1 Relative stability

Since ACVAs- form a class of feedback amplifiers, one
should be concerned not only with stand alone stability but
also whether they\ exhibit or not a suitable amount of
relative stabili:;f\hamely a phase margin not less than 30°
and not greater Zhan 60°.§nd a gain margin greater than 9.5
dB -[39-4013 Hence, it is desirable to derive design
equations that will guarantee the DC gain, the s- and the
Sz-compensations and a suitable amount of relative
stability. '

5

These design equations are dependent on the values of.
the gain-bandwidth product of the OAs. Since these values
tend to vary widely as mentioned before, this represents an
inconvenience to the designer. Fortunately, the wide range
of values for the gain and phase margins acceptable\iin

practice and the fact that design equations for such margins

depend on the ratios of «different GBs rather than on their

———

values contribute to alleviate this inconvenience.

If ACVAs are implemented with quad OA; (in which the
different OAs characteristics track'with each other closel&)
and the amplifiers are realized following the conditijons on
Table 3.11, it has been found that they will exhibit
appropriate values of gain and phase margiﬂ even if there is

a 20% mismath among GBs of different OAs. In practice, such
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TABLE 3.11: DESIGN EQUATIONS THAT ENSURE A PHASE MARGIN

IN THE RANGE FROM 40° TO. 50° AND A GAIN

-/
\\‘ - MARGIN NOT LESS THAN 9.5 dB.
¥
AMPLITIER GAIN MARGIN CONDITION _ PHASE MARGIN CONDITION
a
1
NIJA - “ - 4
a
2
)
NI3B-1 a,y L - o LN S s VAR
(a), (b) a, "ITTW a, K
(T)
NI3B-1 ., L1 _a—z " Vel ,—-7——.3 O
., te)y o a, ™K a, Kk K&
/11).("')
! -
NI3B-2 b,y b,
. (a) g; = (,4023 5; = 0,1
(T)
NI3B-2
(b) - -
(..)
NI3B~3 a,
- - = 0,2
(a) a
(*) 2
NI3B-3 1 '
(b) - . -
(**) &r
- b
2 1 1
NI3C-1 . = /2 - YT /IIR-IT )
5'; TR b,  TI.Z
(T), (***)
NI3Cc-2 a . a
2 semen -3 3. K-l -
(a) 3, %2 /T-77/TT
(1) 4
NI3C-2 a b - a b
R e L - S
1) 2 1 2 /1-7% /575
(*) Gain margin is always infinite
{**) All the duign variahles are alre fixed :
(***) These conditions can be satisfied only for some gain values

{n

Whenever the two conditions conflict, use the smallest valus of the parameter
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¥ .
. TABLE 3.1l1l: (continued)
wrl’-:ln GAIN MARCIN COMDITION, PIAST WARCIN COMDITION
traeil| 3 L3 T eapglion BT
Tavata)aa &
- (agdaghagiee b .g 3425-1296/3
T 44 13 P i M DAL A M 1 4 Y
(.1"2"])“ ’ 1 5 ) 3 (s “2”3) l‘i
‘17 3IAB-] 1. - 1-x TSR IR SR
5y 4 - (e « 351t LESME By
IP3AB~4 -8 q/ Wiy 36/7 y° ]5
T-X)(1-y)a ) " AT T 25(1_”(1_1)2
1P3AB-S Y (1“"‘_:?:)) ¢ A o AL P S SO 232
200100 /T agh /z B (1K) (agtaghay)
v . - ) < _E-n
. 118 o . "!’ 347877 - 3888
[PIAB-6 L. a + 1
v 5 v (-0 4030
l ! :
¥ 13 s 540 1
1F3AB-7 - i Y ]
(CRTRIN D ‘ 4 ST - 1296 K '
2
4 254" (1-K 5/ 12a
IPIAB-8 . - .
- ® * T=EY o’ M Tor= 3 dal
1 :
_ . ] sad(1 n 1- 25/1
TFPIAD-1 / _.__(_:'LLL_.)_ < .
a(l-y) = 3% / /T + = 1
LIEE) /
7
l(ll)c#‘u ¢ (+*‘)1-l [ -] 5
1P3AD-2 TTTWT B { i U M LA AR o, W A
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mismatches are much less than 20% for quad OAs.

-

3.5.2 Phase and magnitude errors -

»

, » '
In- this subsection, in order to verify the improved

performance of the ACVAs, the phase and‘magnitude errors of

these circuits are calculated and compared with similar

errors of conventional VAs.

The general form of the. voltage transfer function of

a 3 OA ACVA is. given by

1l +a,8 +0a,s8"
'l + als~+ a,s l + A4S

’

If the phase error is defined as
Ap = arg(K(jw)) -
for noninverting VAs and .-

A = arg(K(jw)) - =

(3.44)
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" for inverting circuits and if the magnitude error is defined

by

«

then, by performing algebréic manipulations in eqn. (3.44),

it follows that . ) A

The results of this analysis are shown in Table 3.12
where the values of the GBs.of the OAs’ are assumeé‘ to be‘
equal, Since wT is usually much less than 1, Eheierrors‘in
the ACVAs are much smaller than the EorreSponding ones in

the conventional realizations. .

'
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TABLE 3.12: PHASE AND MAGNITUDE DEVIATIONS FOR THE ACVAs

Yo
AT LOW FREQUENCIES.

AR (fw) -

AMPLIFIER \ ‘
TYPE lae] X
NI3A(.) E(Kmt)3 . Ez(xm)‘
NI3B-1 a
1 2 3 K .2 +
(a), (b) ;—2-5 K {wt) °3°1('u';i') {wt)
a
NI3B-1 2 n’ aja; (= 2(wn)*
{c) 3 2
NI3B-2 b b
. 1 3 1,2 4
(Kw1) (=) “{Kav)
{a) B; B';
”fgf“i (x-1) "% (xwr) 3 (x~1) " 2(xor) 4
NI3B~3 a a, a
2 3 2. %2 4
{a) ;—;(Km’) (1+;—3—);—3~(Ku1’)
“fg?‘a (x-1) " (ke 3 K(k=1) "2 (ko) 4
by -1 3 ) -1 1
NI3C-1 g=(k=1) "7 (Kat) (32 “(x-1)7" (Rw1)
2 2 :
NI3C-2 a a -
{a) Lix-1)"Ykar) 3 (%) 2(x-1) Ligwr)
az 3
NI3C-2 a a, a -
(b) Lk-1" gun) 3 (o= 2L (k1) (ko ?
az 3, 3 .
a,t
(*) = 1e¢ 13 ‘

%2
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TABLE 3.12: (continue) - .
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, AK( Jw)
N I oo o —
1=K !
\ " IF3AB-1 LK) ()3 o o
. X/ 2 s
(-K) 3 _ (1K)ay N
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- 2
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3.5.3 Effect of the second pole of the OAs

-

N 4.

.

As it was mentioned before, the presence of a
seconéary pole in actual OA characteristics can seriously
compromise the stability of the ACVAs. For this reascn, it

is useful to analyze the stability properties of the ' 'ACVAs

|

when a more complete model for the OAs is used.

\

A "more accurate model for the differential gain of

the OA iQ“ggven by

1 .
+ W) !
srl)

8.
i

- 0 i =1,2,3 . (3.47)
A;(s) 57, (1 1

“

where -ei/ri is the second poié frequenéy and "ei is the .

ratio between the second pole: freﬁuency and the gain

bandwidth product of the ith OA,

4

Hence,. the study of the stability of the ACVAs when
o
D ' . & .
the seéond pole of the OAs is taken into consideratioa can

be accomplished by making the substitution

A

s'ri. + ;Ti(&; sT./8;) - (3.48)

in the denominator of the transfer function expressions

présénted in Tablg 3.4 and 3.10 .and then-checking the

-1

S ..
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position’of the roots of the resulting polynomial, Since
: ’
this 'polynomial has deqgree equal to six, the study of its
A .
‘roots can be very complex if attempted by traditional

methods such as Routh-Hurwitz,etc.

; A method that avoids this difficulty is due to Geiger
(44] . To employ the method, the gains of'xhe oAs will be

considered equal (namely 8. =198 anfri=r for i=1,2,3. This
i

method can be outlined as follows, e

-

,J

i . If the complex roots of D(é), the denominator of the

téansfeg function of any ACVA when eqn.' (1.24) is used to

model the OAs, are given by , K
N
'\.Q __—
A py-= ot 38 ‘
\ -~

, : A ' '
it paq/be shown that the polynomial obtained from D(s)
throqéh _the transformation in egn. (3.48) will not have
roots outside the left-half of the complex plane ,provided

that-a, B and 0 satisfy . .

o

~—F
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~3.5.4'Maxiﬁum'signél handling capability :

., By .using this condition, it is possible to determine

the-miﬁimum:value bf ‘9 that the OAs should have in order °

that the ACVA remalns stable for a glven value of the gain.’

This can be done | for all ACvVAas. F;g. 3.5 shows some

'exambles of such ablogs; namely for .all the nonlnvertlng

circuits and the ACIVAs of types IF3AB-4 and IF3AB-8.

. N -

1

\ . [y

The ahalysisf‘of the maximum signal haha{iné
caphbilfty of 3 OA ACVAs can Be performed in the” same manner
as described in subsection 2.4.4;' The only difference is in
the faét that, in the pfesent cﬁse, éhere'is~one aaditicnal
oA output to be accounted for. Thus eqgn. (2.34) can be

rewritten as

1

(PS) (SR)
0, max’ "V J

Vi, max " max{lH (Jm)l |5, (Go) |, |4 (J$9|]

min{v

N
“ . ¢ N [
» o

Y
; s
i

', (PS) (SR)
for 1 1,2,3 where Vo max and vg,max

(2.32) and (2.33) respectively and Hi(jw) is the transfer

are giveh hy eqgns.

- function from the input’ of the overall ACVA to the output of

‘the ith OA. By using egqn. (3.49), plots of the maximum

A Y ’ S

0,max ' ¢3.49)

[
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ACVA type NI3C-2 (a)
ACVA type NI3C-2 (b)
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allo&able input signal qmplitugb as a function of frequency
can be obtained. Fig. 3.6 shows some examples of such
plots. For these plots, we have considered a gain eqgual to
2 and -1, Vcc equal to 15 V and 74l1-type OAs with SR equal
to 0.5 V/ZAus and GB equal to 2 1 x 106 rad/s. Notice tpat
for frequencies-up to 100 kHz, the ACVAs have maximum signal

handling capability comparable to the one presented by the

conventional VA.

3.5.5 Tuning procedure

-]
Since the response of actual hybrid integrated

circuits departs from the nominal one due to manufacturing’

&

tolerances as well as due to parasitic effects, it |is
important to specify a tuning procedure -capable of
correcting such departures [9,42]). For the ACVAs presented,

this procedure is carried out through the following steps:

-

(a) At a frequency such that Kwt<< 1, adjust the DC

gain by modifying the proper resistor ratio,
namely g . 2
—
(b) At a frequency such that (Kmt)2 << 1, null the
phase shift of the circuit by modifying the

appropriate resistor ratio which controls the

s-compensation, namely vy, ai’, aj, bl' b2 or b3

‘as the case may be. ¢

A ""V/
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(c) At a frequency such that (Kut)” << 1, adjust the
y gain of the circuit by modifying the resistor

2

ratio which -controls the s -compensation, namely

a, a,, ai or a, as the case may be.

[ - }
-+ &i in the case of the 2 OA ACVAs, the tuning
procedur

can be performed by modifying only resistor
ratios. Therefore, as mentioned before, this progedure is
feasible in IC technology and the tuning will remain
effective over a wide range of temperature and power supply

levels. '

It is also worth mentioning that, for all the
‘circuits presented in this chapter, %Egiziuhing can be
performed in an orthogonal way, that is the three steps

above are applied only once in a noniterative sequence.

X

3.6 EXPERIMENTAL RESULTS 7

3.6.1 The ACVAs as stand-alone amplifiers

, As it was done in Chapter 2, all the ACVAs were
tested in the laboratory. The GBs of the OAs were measured
to be 1084, 1068 and 1050 kHz. The resistors were witl}in 1%

accuracy. No tuning was attempted at all. 3}

Fig. 3.7 shows .the magnitude and phase respose .of
‘t _—

the ACVAs of type NI3C-1 and IF3AB-8.

¢
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9

Frém this figure, it is observed that the ACVAs

L4 )

.. perform well even at frequencies near 0 kHz. At higher
frequencies, the experimental responses depaft; from the
theoretical ones owing to the effect of the second pole of

. 4
the OAs which was disregarded in the analysis.

By comparing the response shown in Fig. ;3.7 with
: et
"those in Fig. .2.5, one can observe that 3 OA ACVAs .
.outperform both .the conventional realization and the 2 OA

ACVA.

©.3.6.2 An_active filter application

v The ! Sallen-Key filter used as an example in Chapter‘

2 was redecsigned to realize the same transfer functiopemcgpt

for the pole frequency which was increased to 50 kHz.

-

A Y

Fig. 3.8 and Tablé‘3.13 show the practical results
~obtained when the VA in the filter circuit was realized by
the conventional realization, the 2 OA ACVA of type NI2A and

~the 3 OA ACVA of typé NI3C-1. No tuning was pttempted.

It can be clearly seen that the filter using. 3 OAs
presents an improved performance when compared with the

filters J;}ch use the other 2 types of VAs.
b

\
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' TABLE 3.13: Experimental performance for the

4+ Sallen-Key filter using different
voltage amplifiers.

# OF OA's . .
: THEORETICAL 10A | 20A's | 30A's
PARAMETER
’ o (kHz) 49.87 42.62 | 49.35 | 50.03
of (%)({ - 1454 -1.05 | +0.3
i-" \ N N
Q - 11.77 10.55| 17.31 | 11.14
4Q (%) - -10.39| +47.07 | -5.35
D -
H(jw 7.08 5171 10.50 |6.74
I 0)\ . . &\
AlH(dwg) | (%) | - -26.56 | +49.15 | -4.26
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3.7 CONCLUSIONS ’

The -study preéented in Chapter 2 for 2 OA ACVAs has
been extended to 3 OA ACVAs in this chapter, , [Towards this
end, a novel Aombination of theoreticéf4 and practical
considerations (intended to be used specifically for 3 OA
ACVAs) is used to classify such kind of circuit. A set of
realizability condiﬁions is developed for each of the types
which were obtained by further subd}viding the classes. By
applying the resistor elimination procedure, the ACVA
realizations can be obtained. A set of 161 circuits was

obtained and classified.
» R &

Among the results presented in this chapter, it has
been shown that it ‘is impossible to fealize a tunable,
inverting 3" Oa- ACVA poséessing infinite input i@pedance.
Thergfore, the study of 'inverting ACVAs has been 'restricted

-~

to those possessing finite'input impedance. -

[

o Also, an important and useful subset of the circuits

obtained has been analyzed with 'respecq ‘to different

prdctical aépects such as phaser and magnitude errors,

maximum signal handling capability, etec. * ° !

L4
¢

Experimental results are also reported; These

results agree with the theoretical predictions.

So far, the results presented in this thesis: deal

with the design of voltage ampliﬁifrs. Thg’replacementiof a

[
.
[

T

4
&y .
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_conventional VA by an actively compensated one ‘can

significantly improve the operational frequehcy range of the’

_systems which use VAs as building blocks. However, there
are m&ny active~RC circuits that ﬁo not rely solely on the
use of finite qainﬂﬁemplifiers. In order to incre&se the
operationa} frequency range of such circuité, a different
approach has to be used. Consequently, in the following
chapter, the active qpmpensatibn of a ?enetal‘"slngle 0).1

active-RC circuit is considered.

Yo,

e
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CHAPTER 4’

DESIGN
OF h

OPTIMUM ACTIVELY COMPENSATED NETWORKS

4.1 INTRODUCTION

The great majo;ity of active compensation schemes
reported to date use some form of an actively compensated
building block (e.g.'amplifier, integrator, etc.) which |is

used as a direct replacement for an uncompensated block

within a previously known circuit. In this 'approach,'

special emphasis has been giben to the active compensation
of voltage amplifiers.

3

The main reason for this is the existence of numerous .

widely used active-RC circuits which empI8y VAs as the
active element. In order to compensate such circuits

actively, the designer needs to change only the VA blocks
b

-

while leaving the remainder of the network untouched. This

n

is a . useful feature since neither the design equations nor

.the passive sensitivity properties of the circuit are

%

mOdified. " » Bl

's/ .

Many of the state-of-thé-artv VA-based single
amplifier 'biquadratic circuits ‘realize odly lowpass,

highpass and 'bandpéss transfer functions. Other types of
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transfer functions are realized by ' circuits which use
feedforward paths from the overall input to both input
terminals of the OA. Further, there are many currently used
single OA biquadratic circuits. (SABs) that do not rely on'
the ﬁse of‘VAs. Consequently, there are seve?al important
cases ’of circuits which cannot be éompensated actively

‘through the building block approach.

" The main purpose of\thia ghapter is to report a novel
active'compensation technique which can be applied to almost
all existing S&ﬁ coni}gurations while preserviné both the
design equations and the paséive sensitivity properties of
the uncompensated circuit. The resulting structures are,

however, not SAB structures but use, in general, 2 or 3 OAs.

/

In order to derive this scheme, the general
configurations of active-RC networks employing 2 and 3 OAs
are investigated first. /@his anal}sis leads to compensation
copditions concerning the whole hetwork'ragber.than specific

. /
blocks. The -actively compensated versions of the existing

7SAB networks are readily obtained form these conditions.

In this context,'ii is interesting to note that a
-different set of conditions for the active compensation of a
general active-RC network was presented in [28]. In this
article, the authors derived cbnditions for eliminating the
ef fects of the OAS on the zeros of the network and , then,

. \ .
further conditions were obtained to reduce the effects of

Al
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the OAs on the poles of the. same circuit. Due to the former
éet of <conditions, all circuits presented in [28] either
used a cluster of OAs or doubled the number of passive RC
components. Since the use of OA clusters introduces serious
stability prbblems and the doubliné the number of the RC
components leads to considerable cost increase, such filters

do not fully realize the potential of active compensation.

Many of the actively compensated circuits obtained
through tﬁe application of the technique presented in this
chapter have some free design parameters which can be used
to optimize the circuit with respect to a given performance
characteristic. This feature is expigred ip this chapter
and a simple procedure is reported for minimizing the

residual effegts of the GBs of the OAs. This procedure “is

found to be very efficient despite its simplicity.

* L4 > : 8

4.2 ACTIVE COMPENSATION.OF SABs

In this. seption, a technique for the active
compensation of single OA biquadratic circuits (SABs) is
presented. This scheme can lead to eitﬁer 2 of‘3 oA
circuits, For comprehension purposes and because of the
fact - that thése two types of networks are obtained in
slightly different ways, 2 and 3 OA actively compensated

1

ciféuits will be treated separately in this section.

-- \
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4.2.1 Actively compensated circuits using 2 OAs

* The general configuration of a 2 Op active-RC network

is shown in kig. 4.1.

In this circuit, let us assume the OAs to be ideal
except for their differential gain which is modeled as in
eqn. {(1.24). Further, the passive=-RC " subnetwork is

characterized by its transfer functions which are ‘defined as
(4.1)

fo; k=1,2 and j,1=1,2,i. Although Tkj' Nkj and DRC are all
functions of the complex® frequency variable s, the explicit
notation for this dependence 'is not used in order to

~ \
simplify the expressions.

]
‘Rach voltagﬂ v, can expregged as

*

|.+-'_ . . @

'wbete'v: and v; are the yoltaggs at the noniﬁverting ané the

Anverting input terminal of the kth ba, 'respectively,

referred to.ground. " Consequently, each transfer function

z'Tkj'éan be written as l‘\. . . ‘
4 e

-
s

- e o 3
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" where.

N, v
- k _k
v T . __j. ] .
kJ ) DRC j h-o h’J .

for k=1,2 and j,h=1,2,i. |

— g - o
Nkj' kJ ' Nkj and De rc are polynomials is 3. Note

* that the definitions above exclude the possfgle existence of

p:ivate poles in any of those~transfer functions.

1f 1 is. taken as output signal, the transfer 5

function of the circuit in Fig. 4.1 i8 given by

-

o : ,i\(s,tlﬂz) . : ~ ) :
. \B H(fptlofz) = Bl8,7,.%,] o (5-2) +
‘~where , )
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A‘S'Tl'Tz’ = T12T21 1iT22%Tyi72®

and
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=T, ,T. +T

"B(S,T0T,) * T11 227M12"21

% -

The ideal transfer function

T,"T,=0 in eqn.

H(s,0,0) =

H(8,7,1,)

function of the circuit'ffbm H(s,0,0) when Ti and Tz

nonzero values.

represents

Therefore,

(%Y

(4.2), namely

T12721"T11T22

T, ,~T, T,
11722771272

-y

the @

MY . .«
1 0

b

2
11723+ 2T 841758

'is~;obthined by making"

eviation éf the transfer
LN
assume

the relationship between these

two functions can be expressed by(a\Taylor serigs expgnsion

[45] as
H(S,le'fz)‘ - g(§"0'o) + {l BH(S,Tl.TZ) . +
Btl 11=T2=9
‘ "
© ‘ 2 ! “ M a
9T T,=T,=0 2 2 o
2‘ 12 . arl | rl-rz—o
2 - \70
% 3358'1:11-[2) . + Tl 2 aH(S Tlsz)l ~+_"'
T T 32, ' 5T 3% et
812 Ty 12=0 %

)
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At this point, it i8 useful to mention that, in, this
expension, tggma ;p§olving derivativé§ of order n are: ' much
%ﬁrger' than terms involving derivafives of‘higher orders.
Consequently, to make H(s,rl,123 as close as- possible té

H(s,o,b), one can try to null sequentially the first-order

“

, 7~ .
derivative terms, then second-order derivative terms, .etc.

This basically desScribes the idea behind the.broposea,active

~——
“

compensation.

.
. ’ [}

By performing some straightforward caliulations, it

folitows that

Y | aﬂ(s,Tl,rz) - H(s,0,0)
er ‘ rl=12=0

22 S (4.5)

3H(s,T,,7,) . T13B(s,0,0) * Ty,A(s,0,0)  (4.6)
aTZ lT1=T2%0 R Bz(sroro) l,
. <
!
Hence,
BH(SITIIT'Z) = o; <=D> T22 = 0 (4 7)
arl, Tl=T2=0 ’ )
Ay
. A
‘ BH(S,T,,T,) 14
. 1 2 = 0- <=D> T-—-—- ="‘H(S'o,o) (4.8)
, T, Tl-TZ—O 11
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. Eqns. (4.7) and (4.8) express the conditions jto make

H.(s,tl,'t-z) independent of first-order effects ﬁf Ty and T,
If "these equations are satisfied, the circuit wjll be
actpively compensated against these effects. Further, |if N

these compensation conditions hold, it follows that

i
v €

.
&

BZH(S’T "T ) b ) .32{;-(5,'[ 'T ) ' ' - .
1'°2 _ 17°2 -
— - = - 0 (409)
3‘1’2 =t,=0 - 312 T,=T,=0
1 | T17727 2 | T1772° '
*
and )
. \ \
azﬂ(s T,,T- W K ” )
7102 _ H(s,0,0)g? (4.10)
9T, 97T, cr.z0 - 12721
12 :
i - '_ “ \
) » '

From (4.1'61')‘,‘. it is seen that it is not possible to
null the second.-ofd.er derivatives effects in (4.4). Thus, g
‘only the terms ihvolving first-order dérivatives can be
eliminated inﬁm cifcuit. Also, under the compensation,

eqn. (4.4) can be rewritten as
9 ‘ ' 0
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H(s, P Ty T,) = H(s,0,0) + H—,fr&%ﬂTITZSZ (4.11)
' 12721 |
P ' ')
where -
. \
- Toy
H(S'O'o) = -dr—
21

[
'
-

and the higher order terms are disregarded.

After having derived the compensation édhditions, let

us obtain ‘circuit realizations which . ‘satisfy them.

0 ‘. - \% . -‘
Mordover, ; it 1is desirdble to obtain a technique for

‘\ . %
compensating existing SABs actively Yithout modifying their:

design equations nor their passive sensitivity properties.

’ v
1

Most state-of-the-art SABs aréWspgcial cases of the

"enhanced positive feedback" and the . "enhanced negative

{
/

feedback™ classes of filter circuits presénted in [46] and
N

shown in Fig. 4.2a and 4.2b, respectively. These ‘classes
include the popular Sallen-Key circuits [47], the STAR

network [48], the optimum SABs reﬁorted in [49], etc.

Therefore, actively compensated lversions of those two

\general configuratidﬁs will find numerous applications.

t‘_<

4.2c and 4.2d4, Clearly, these configurations are 2 OA

Fl

versions of the "enhanced posigdvé feedback" and the
"enhanced negative feedback" circuits, respectively. )

] ’ ' . .
Let us consider the 2 OA structures shown in Fig.
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R/k

(a)
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S E el
. R/k, | R/k,
< @ ’ R/k3
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i
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H .- - Fig. 4.2: General copnfiguration of . )
: - ., ‘ .(a), conventional enhanced positive feedback . ‘

.
. network .

.- , ; 4 .
‘ T ‘ . (b) conventional enhanced ynegative feedback °

network LA : .-
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Fig. 4.2 General conflguratlon of

(c) 2 OA enhanced positive feedback hetwork
(d) 2 OA enhanced negative feedback:network
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"At this pdint, let us assume, without any loss in

eneralit tﬁat a,+a,+a.=1 and that “by+b +S =], These
d Yo ThAT 3y TaT4 17727737 ’
assumptions simplify the expressions used in the analysis of \

-

these circuits,

In both cases, TZ;-O and condition (1,7) , is

satisfied.

A routine analysis of the circuit 1in Fig. 4.2c

reveals  that

R
IO s Yol 1
21 DRé

\ . P
‘ I byDpe=Ny 4
T S :

‘Nt . ~a,D
T Ll C1°RC
11 Bre

+
o M1i7330x¢

T
11 RC

Tg =2y * k

-

p
; ; ’
3

T - M ‘ — " v M
- et ’ - > N B
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21: o) )
! RC _ :
o o P3Py 7
24 . .
RC ,

23;0pc 11
1 =
- Pre.

e o 22PRcTMiy
14
RC

: : /
i < In order to satisfy egn. ' (4.8), a _ci;ﬁuit
.satisfy ., S
. "‘ N v . /
11, "2

Qnd

For bo;h circuits, this will be satisfied if

has to

it e o A AT BAM At o

¥

-
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a, = b, \ (4.12b)

From the results reported in this subsectibn, it can

-be concluded that any circult which is a special case of the

configurations shown in Fig. 4.2(~”and 4.2b can be’

compensated activeiy by using the configuraﬂ!oné, in Figq.

:4.2c_é§d 4.2d, resbecti&elyf@prbvided‘the gonditions in eqn;

i)

(4.12) are satisfied. These conditions ’involre only ‘the

matching of resistors and owing to the close track1ng among

’ resistors implemented in IC. tec¢hnology, the compensatlon
will remain effective when subjected.to variations in power

supply voltages, temperature, humidity,etc.

4.2.2 Actively comgénéated circuits using 3 OAs

~m

.The active compensation 'scheme presented in the

previous ‘subsection is effective in cancelling the
(y}/ \\ ’

first-order terms in the Taylor series  expansion of

ﬁ(s,rl,tz). The‘effect of higher erder térms, however, are
still preseﬁt in that exparsion and are known to cause
severe transfer function'?distortion_ when the circuit is
6pereted at ﬁigher frequencies. Therefore, ‘ir order to
further ‘extend ‘éhe ‘operating frequencf range of SABs, a

scheme employing ﬁore than 2 OAs must be used.
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" - In this context,” it is interesting to hote that, due
E to,thq same practical considerations that limited the number
of OAs in practical ACVAs (refer to section 1.6), actively.

compensated ‘kclnetworks employing more than 3 OAs will also’

. be of -doubt ful utility.
| ol . L. . o
" The general configuration of a 3 OA active-RC network
is shown in Pig. 4.3. Let us assume the OAs modeled»as in
eqn. (1.24). ’'Also, let us extend the definitions  of Ty
. S ‘ ‘ R
) Nkj' Nki apd Nkj and Dp. given in‘thg_prev1ou§ subsection
. for k=1,2,3 and j,h=1,2,3,1.

‘ If v, is taken as the output, the 'transfer function

of the circuit is given by

. T, A'(S,Tvl'T‘le3)
L B‘(31~T11T2113) "- ﬁs"rl,'tzyra)

(4.13)
wﬁete)

Al8y1),T50T) = (B TaTo34 3Ty 33% 337137227713 72, 33

“Tp{T13T327 T35 T1Tay) * (T11T33‘T31T;§{s‘z * (élgTzz‘
| TiT1y)sTy - T gttty
anﬁ' | \ ‘
:‘Bff"l'fz'iai = ()3T 3% T 5Ty 5y # 13Ty T3 13 31 Ty,
“T32T23"1a 121 Tea) ¢ (Ta3Tap T30 8T $ Tt

‘. .
- ¥ .
— * ) ’ . ; 5
. - -
1 . . -
;
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' ) . _ - .' ‘ 2 g 2
5 T11T33)8Ty + (T T =T Tp,) 8Ty + Tyg8 1 Ty + Ty 8T 14 7
. 2 3" ' L ' |
+ Tlls T2T3 -8 T1T2T3'

If H(s,rl,12,13) is expressed as a Taylor series, the

' following expansion is obtained ‘ ! .
' B a’ 3H'(s,-‘l’l,T2,T3) ’
H(s,7,,T,,t,) = H(s,0,0,0) + I T,
. 1'°2'"3 . i
- oi=l
3 2 ~
o T T4Ty 2 HSS,Tl,Tz,T3) + _ - .
i,3=1 2 ariarj T15T,2T4=0 - . -
3 ' .

. 3 L
l‘ o TityTh VHES,T0T5,T,) e (4.14)
A l,J,hjl 6 ariarjarh rl=12=13=0

'ari TI=TZ=T3=0

By computing all first- and second-order derivatives

in egn. (4.14) and equating them equal to 0,‘it follows

" that
/ dH(s, T
N

ai'TZ'TB) = Q0 <=> (T
1 T

-0 327237Tp,T33) = @ -

L]

{4.15)
L e (s, T;,T,,1,)
812 . T13T,=15=0

=10 <=> (T);T33-T3;T)3)
H(S,O,O,O)(T13T311T11T33)
(4.16)
p Th 1 TarTa) - _ =
OH(8, Ty, 75 T4) =0 <=> (T),T,,=T,:Ty,)

aT T.5T =T .30 I
. , 3 17273 H(s,0,0,0) (T},%57=T17Tp,!

3 B L]

, (4.17),

. 2 '
3 H(S'TI'TZ'TN = 0 <=> (T

) 2
- 311 \

‘_ 32T237T22%33) = 0 .
le'fz:‘r 330 : ‘ . .

) Sk
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]
A}

- '

2
d H(Slf«li‘rzcta) =0 <=3 (T T

, 3 11733”
312 ‘Tl=TZ=T3=0 ﬂ(S,OrOoO)(T13T31‘T11T33)

37130 = )

’
i L}
% ‘ »

2
d H(S/Tl'72'13) = 0 <=> (Tl

2
%53

17227723 12!

Tl=Tz=Tb=0

e s
-

¢

L e ke e v e

= aZH(S'TI'TZ‘I‘Ta) '

N 311312:::

=»0 <=> T =0 ‘
,12,T3z0 ( )

T

g - N ' L]

aZH(s.Tl}rz,r3)

]

NY - f .
. =0 <=>T1T 0 : (4.19)
- - —'b 22
811313 11—12~13-0'

L

.

-

PZH(SITlfTZiT3)

= 0 <=> = = 4.20
= 0 <=> ~T,, = H(S,O,O,O)Tll( )
T 9T,0T, =0

-~

T1=TQ=13

‘ '
-
. .

; ) : Further, if eqns.3—14.15) tq‘ (4.20) hold, we find
4 Mehat a y‘, ‘ * o -

) a3H(s £.,:T4,T,) 33H(

! ST rt1T2r 03 = 8,7

172073 =0
_ 3 - - 2, I P
ari ‘ 11-12=t3-0 ) - ariarj rl-12—13—0 L4

(4.21)

g D e
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» §. -
and : ; @ .t “
~ . r sy, ~‘
33H (s, T, 1,,1) L . (4.22)"
o - I' ll 2' 3 . ='H(S,.D 0'00) '53 -
311812313 ' Tl=tg=;3=0 BZs,p,O.,?) ‘ 3
& - s
’ . Ls
for i,j=1,2,3. - . B Y )
4 By taking egns, (4.15) to (4.22) into (4.14) and
néglecting higher order terms, H(s,tl,rz,t3) is given By T
LN [ 2 '
-, L}
o ‘ H(s,0,0,0 3
. H(S,T,,7,,T,) = H(s,0,0,0) + ‘s‘??f'o‘,‘ﬁﬁi%ﬁfzhs (4.23)
L | Do

. & ‘ -
\ ! M R ! » .
. . ) ~ N

A look at eqgn. (4,23) revg'&lé"that the ef{ect of the,

' time constants of the .DAs is Tmuch reduced if if gqns;

, © (4.15) to (_4.20} are\sgtiéfied‘. ' Also, by comparing’ eqné.
(4.’23) and (4.i1); it. is seen.that .such .effects are much

., %»ore reduced in the scheme using 3 OAs thah ‘in the one with"

2 ons. N ‘ ‘

waﬁ circuits. -whic.h\ma‘? be deéigned to satisfy these -
SR conditions are shown in Fig. 4.4, The 3 OA circuits in

, . ; ’ : o
Fig. 4.4a and 4.4b are- the actively compensated versions of
. . A3

the sfructures in Fig. 4.2a and 4.2b, 'respect}\vely. As in

LY

the ’2 OA case, let us assume al:ra2+a =], bl+b +b.=1 and

3 273

,‘c1+c2+c3-l 'ipborder' to simplify the expressions, '

N : . B ‘ * ' N v

:

o7
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- (a) :

' . N (b)
. VR
Fig. 4.4: General configuratign of
, {a) 3 OA enhanced positive feedback network
* (b) 3 OA enhanced negative feed£ack network
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“H(s,0,0,0) = -
o Ta

, These values satisfy eqgns. (4.15),, (4.17), (4.18)
and (4.19). . In order to comply with egn.
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8 DpeNy;
RC

b3Dpe=Nyy

RC

b1Ppc~N11

RC

it is necessary that

hoyever,
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Also, to satisfy eqgn.

T

and

.of the circuits in Fig.

i

»

€3

a3

Therefore, the conditions for the active compenéation

194 »

L 4

"<

\

”

-

4.4 are given by

1]
.

(4.242)
‘ ]

"

(4.24b)
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These coriditions depend only upon the matching of
resistors and, consequently, as explained for 2 OA actively
compensated circuits, the compensation w1ll remain effective
when ' the circuit is subjected to variations in power supply

voltages, temperature, aging, etc.

e )

»
4.3 OPTIMIZATION OF ACTIVELY COMPENSATED CIRCUITS

4.3.1 Description of the procedure

All the actively compensated . circuits obtained

LY

through the schemes presented in sectlon 4.2 have a larger

number of design parameters than equations to be satisfled

by these parameters. Hence, in all those circults, there

-

are’gome,free design parameéters whoge values can be selected
in such way that the performarice of the circuit can be
optimized with respect’to a given characteristic. Since the
operation "of active-RC networks at high fréquencies is
mostly affected by the gain—bandwidth product of tne .OAs,
let us use these free design parameters to optimize further
the activelj

& " .
with respect to the GB effects. : R

compensated networks presented in this chapter

An early work on sensitivity optimization in actively

.compensated circuits was preeented in [soi. In  this

article, the optimization is accompliened by minimizing the

shifts in both the pole fregquency and the pole Q—factor in a

.
.
é '
.
.
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particular bandpass circuit.’ Thié simultaneous minimization

is possible because -the same fphc;ioh appears in the

denominatof of the expressions for such shifts, Some

factors, nevertheless, contribute towards making the
procedure used in that work difficult for application in

~ other circuits:

(a) Expressions for the shifts mentioned above are
not easy to obtglp for circuitq'employing 2 or 3

OAs.

(b) Even if Such expressions. are available, it may
" 'not- be easy to recognize .an appropriate

objective function from them.

(c) Only the pole shift is optimized -in this
procedure. Circui'ts fealizing transfer
functions whose behavior depend on the zeros

_ (e.g. allpass, notch, etc.) cannot be fully

optimized.

The optimization procedure to be presented in this
section avoids these disadvantages by using an easily

obtainable objective function which expresses changes in the

.transfer function itself rather than in poles or zeros.

" Indeed, in practice, it is the transfer function that is of

interest rather than poles or zeros.
‘ Y

e A s Ton
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§ This objective function is readily derived from éqns.
(4.11) and (4.23). From these equations, it is clear that
the deviations in the transfer function actually realized by

the actively compensated circuits will be minimized if the

. ‘effgcts of 4
/ ' I. . .
Fa(8) = p—5— : (4.25)
//%Q;j? 12721, - :
{ ) d _.A:D
F3 (’) ] 570, ' | ' ‘ (4.26)

'

are alsc minimized for 2 ‘and 3 dixe};cuits, respectively.

Although, both F,(s) and F3(55 are frequency
dependent, in mfst cases, it is seen that' these functions
can be equessea by a summation of lowpass and bandpass type
functions‘whose poles are the same as the poles of the ideal
transfer - funq;gpn. In these caseér,the minim}zatiﬁn of “the
objective function can be gerfﬁrﬁed only -at the pole
frequeécy, namely s-jmo.. | L

The whole optimizatidh procedure consists ig applying
the following steps: ‘ ‘

Step 1: Select the free(design»quaméters :haq',wil;

1

beaused as the-optiﬁization variables.
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Step 2: Using the design equations, exegéss the
other design parameters as function of the

optimization variables.

Step 3: Express F,(s) or F3(§)'(as the case may be)

as a function of the gptimization variables.

Step 4: Minimize the objective function either
numerically or analytically to obtain the

optimal values for the design parameters.

. .
Some examples of the application of both the active
compénsation schemes and the sensitivity minimization

procedure above are given next.

2

4.3.2 Steffen allpass circuit

Allpass transfer function realizations cannot be

optimized or even compensated by schemes which consider

]

separately the shifts in poles and the shifts in zeros as in

~ the tecpniqué proposed in [50]. This is due to the special

Characteristics of such transfer functions which require

hY

precise matching of poles and zeros. In view of the above,

it is interesting to considér an application of the

techniques presented ;dfg this chapter to allﬁass transfer

functions,

The conventional structure for the allpass circuit

due to Steffen (48] is shown in’ Fig. 4.5a. The 2 OA

N /

i S@ﬁ‘
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VL—‘s
R/a3
) R/a2
: ——
R/b2 R/b1
. Rlb3
L, SRS
\ ' ‘I !}_ ‘{a

Fig. 4.5: Steffen allpass circuits

(a) conventional

(b) 2 OA version
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<

actively éompensated version of the same circuit is shown in

ng. 4.5b.. It +«s interesting to note that these two
circuits are special cases of -enhanced positive feedback

- ) o
networks, From eqgn. (4.12), the compensation conditions

‘are given by ‘ , : &
3 = b . (4.2M
@ _
and . . ' .
| ay=b, ) © o (4.28)
/ Yy |

The transfer functionﬁ,mkj‘s are obtained through a

simple circuit analysis and their numerator and denominator
pélynomiai;'afe giver in Table 4.1." From this ~ table, the

- ey

ideal tgansfer'functibn is

‘ : b

2 1 1 2 g1
b, ® "SR CIR,C, TIB,)R0, RR,C.C,
H(s,0,0) (1*524 —5* l l 12 1 1 1
A 1 1
+8 [ttt et e
) “E‘ R,C, chl blecl R{R,C.C,
(4.29)

S -
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TABLE 4.1: NUMERATOR AND DENOMINATOR POLYNOMIALS OF THE '
TRANSFER FUNCTIONS OF THE PASSIVE NETWORK IN
THE ACTIVELY cam@ENSATED ALLPASS CIRCUIT
POLYNOMIAL _ ;'w.
2 1 1 1
D, ~(8) s + s + + ]l +
RC‘ . R,C; Rl:iAchl R R,C,C,
" . 2 1 1 2 1 L
- (1-a.) {8 + slz=+t 1+ iy
Nli(s)- NZi( ) 2 RlCl Rlc2 T a, chl R1R2C£CE
1l 1,1 1
N,,{s)==N_, (s) {s + + + }
11 21 RlCl R,C, R c; lnsc iszclcz
. ' &
Nijals) -a,
sz(s) 0
R, = Ry//Rg

Note: It is assumed that al

bl and that‘a2‘= 92.

v o s
e
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It can be seen from eqn. (4.29). that thé ideal
transfet function of the circuit can be reduced to that of

_an allpass function whose general form is given by

t i3

82 - i /9% * @g

H(s) =k — 3
8° + /QQ o,

provided that . . .
|
. B(1+v) + QCVAE “.30)
P . =
2 1+ B(l4y) + QCVAB
«

-~

@

y“acl/c and 8= Ry/Ry. it follows that

~

>

» * . , ‘. 1
3 mo = /—F
- YYBRyCy

' (4.31)

‘The parameter b, can be used to control the overall DC gain,

If the optimization variables are selected as

RS e s
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K, of the transfer function realized by this circuit. By

arbitrarily choosing K = 2 (any other value ‘gfeater "than 1

can also be chosen), we have that

1

bl,. b3 ) ,
13 » .
\ s -
& .
‘and, thus,,
’ . 1= b2 1 N |
LS Ul St : -1 €
. o 201 + B(l+y) + Q") ~ T (4.32)
0 “ "
) - - R e
". g

lfé%y’ applyind edn. (4.32) into the denominator of

. . o ~
(4.29), it can be obtained that ‘\\v

s S

*’5

Rg  2B[L + B(l+y) + lei?EJ
a4 'z == = '
SRl e Basn s otE

.
- })
|

7
© . .
. M

Bqﬁaticns (4.30) to (4.33) represent

e

design parameters as-a function of y and 8.

all the ther

P I 3

&
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The objective functidﬁ for a 2 OA actively '

compensated circuit is given by .

i
D
1 RC
Fo(s) = p—f— = = 5
2 12721 23% 7
%

.
« #

From Table 4,1, it i8 seen that

1] n e
21 .
D = +
RC By Bliatl

-y

Also, from the compensation conditons and the DC

' 1
S

= b

‘ 23 "hy B

\

By using‘ (4.’35).\‘
-vm\“&wm rewritten as -
™ ~ .
A | e |

P2 ) . s/RC
1l 571
F (s) L e o [] 4 —

2 )“bZ NZl

i)

]

2 °
e

€

second term insiée the brackets in egn. - (4.37).

<‘.

C (4.34) -

(4.35)
gain, 5

(4/36)

the objective function ' can - be

(4.37)

The ﬁrequé’%y dependence of F,(s) is given by the

This term
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is -a bandpass type function whose poles are g§ven by the

.

. t
zeros of of N21 which are also the poles of the ideal

bandpass function which can still be modified is its center.

frequency gain. From this observation, it can be concluded

that if Fz(s) is minimized at the pole frequency, the;
. -

minimization will hold for all frequencies. v

By using s = jwo in eqn. (4.37) and substituﬁing the

value of bl' the objective function becomel&a real function

given A
TS

Qo/?§c1+e(1+y)—ogl{7gl}

. ; ~1 2
F=F, (jo_ ) = 4C1+B(1+y)+Q ~yyB14{1+ -
2% , Q/Xi_ YBE1+B(1+y)+Qol/VEJ

‘transfer function. Consequently, the only parameter of the .

-

(4:38) -

&

L

This function can be easily minimized b& a numerical
algorithm. Nevertheless, let us usé an analytical approach
in order to obtain ’‘some insight about the design of this
circyit. Towards this end, Fig; 4.6 shows several plots of

, \ .

the objective function using different values of 'y and Q-

Some conclusions can be obtained diTectly from these plots:

, (a) For each valte of Q , a true minimum occur for a
very large value of y which is not realiZable in

N practice. -

i

"
. T °
vy ' '
. .

o
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Fig. 4.6: Plots of the objective function for the
3 qci:ively compensated. allpass circuit
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(b)' For a‘given Qé, Y shouldabe as laige as possible

in qgrder to reduce most the active sensitivity.

By increasing Y from 1 (the wusual design

~ practice) to 5, the active sensitivity can be
-decreased by as much as 25%., A further increase

’in Y, however, does not lead to an improvement

so drqmatic. Therefore, vy equal to 5 can “be

considered a suboptimal value.

-

" (¢) For given values of vy and Qo' a suboptimal value
of B can be obtained from a plot of . the

objectiée function. This plof can be easily

generated by using a programmable calculator.
*  Further, from Fig. 4.6, it is seen that these
plots are very‘ steep' neaf the minimum and,
t consequently, Bnmust be é;;éfully oBtained.
In order, to Aemonstrate the improved performance of
the optimized actively compepsated version of the Steffen

é}lpass circuit, let us consider the design of an allpass

transfer function with a pole frequency equal to 15 kHz 'and

Qo equal to 10.

If v is chosen ko be equal to 5, a look at Fig. 4.6b
reveals that the suboptimal value of B will be 0.05.
However,in order to cheéck the dependence of the design on
the accuracy with which is realized, let us use a value of

)

P .
0:055 for this parameter ( a 10% increase in the suboptimal
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value).

The actively compensated Steffen allpass circuit of
Fig. 4.5b was designed wusing these values“for y and 8.

Also, the conventional circuit was designed according to the

design in [42]. Finally, the conventional circuit was

N

designed using the actively compensated amplifier presented

in [25]).

All three circuits were simulated considering
741-1like OAs with gain-bandwidth product equal 20 1 MHz,
The results of these simulations are shown in Fig. 4.7
along with thglidéal response. Note that the magni;gde of
the transfer— function of the circuit optimized in this
subsection was normalized in Fig. 4.7a in order to perform
the comparisons. From this figure, the improved performance
of the circuit treated 'in this subsectioh can’ be  clearly
observed. Also, it is seen that the simple use of an ACVA
in this circuit does not lead to an improvéd performance
because\ such building blocks cannot upgrade circuits which
use active devices with differential input. .?urther, it is
Eeen that the effect of a 10% error in is well tolerated

by the network.

4.3.3 The FRIEND-DELIYANNIS bandpass circuit

The conventional and the 3 OA actively 'compensated

versions of the FRIEND bandpass circuit [48] are shown in

. K
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Fig. 4.7a: Magnitude responses of the different

allpass circuits
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Fig. 4.7b: Phase responses of the different

allpass circuits
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~Pig. 4.8: The FRIEND-DELIYANNIS bandpass circuit
(a) conventivbnal circuit

(b) 3.0a astively com%ensated version
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Fig; 4.8, These circuits can -be classified as enhanced

negative feedback networks. Considering the latter'circuit,

thé compensation condition is given by

3 = b =c (4:39>
which implies that

a? = b= ¢, | | o ° (4.40)

The nuheéator and the ' denominator of the transfer

‘functions Tkj's are givén in Table 4.2 where it is assumed

that eqns. (4.39) and (4.40) are satisfied. From this

table, the ideal transfer function is

H(SrOJOvO) = 5 1 1 dl 1 (4 4l
87 + 8§l 1 + * )
R3C3 R3C2 (1431)R4c2 R3R4C3C2

’

This is a bandpass function whose generic form is

-~

'givén by

ol
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TABLE 4.2: NUMERATOR AND DENOMINATOR POLYNOMIALS OF THE
TRANSFER FUNCTIONS OF THE PASSIVE NETWORK IN
THE FR}END-DELIYANNIS BANDPASS CIRCUIT

4

)3
POLYNOMIAL
= = . - S
Npyi®Npi=-Nyy  « R.C,
N %if\Jgé (d.-1)fs? + sCi—sl ! 8l + —L )
113NN 1 RyC; ByC, (ARG, * RR,C,C;
Ny3 45
-
Nip b,
D ' 2 1 .1 1 1
RC U 8% 4 Sttt ] 4
, SIS RS P ER,GE,
~
Ny =N, ,"N; 37N, 0
R, = Ry//R,
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If the optiﬁization variables are defined as

P'-m—_ N

and

o!

C 2
Y =

S
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kswo/Q0

H(s) =
32 + émo/Qo + mi

»

respectively, it follows from the design-equations that

, 0 J— : ’ - (2
R,  [2B(1+y)Q2syd-Ly?sap (Ley)yo21h (4.42)

?‘ } R, - ~ 2p20% "

. e (@]
\
. (4.43)
W ‘l//?§R4G3 (4.43)
S

L :.[/%% T .
NS - PYB/Y] _ © (4.44)

AR -3 T
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v , a

cpvrh were

’ "
‘? The function to 'be minimized is .
1 D .
1l - 1 RC .
R . F (s) B e = = = (4046)
' o F3 B(3,0,0,0) ~ T 3T,,T5, ~ Nyidby .
" 'v'\
f
'Also, from Table 4.2, it is seen that
~a "N . ; /
. . ‘\" 21 . l's ' -
D, ® = —— + - . L (4.47)
RC 1 dl\\ (1 | dl,)R4C2 .
’ <
- By taking eqn. (4.47) into (4.46) and using the fact
- that 1 - d; is equal to dé, the objeétive function can be
rewritten as ' “ .
9
!
LY v 4
. b ] " . l . S/Rqu
j = - 43 < X
S o B8 2 -1 ¢ =] (4.48)
e , - (
&
l ]
- ’

W et denthn M 2w
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The second term inside the brackets is -a bandpass
type function in s whose poles are the sames as the poles of
them ideal 'tranﬁfer function. Hence, they cannot  be
modified. Only thg gain at the center frequency can be
altered in this function. Since the dependence of F,(s)
upon the frequenéy is totally contained in this term, it can

- : be concluded that if the objective function is minimized ' at

, 8 = jwo; it will be minimized .for all frequencies.

+

defined as <
I “ . .
- : - b
\IL ﬂ
- “ L. l Qo
. F=F,.(ju) = —y -1 4 ]
- PO (1ka)) RaC2%" (4.49)

. / Lo
‘ !
- ' - A 3 c1 + 499@(1 + v hita (4.50) -
. F=(1+7pP)"[-1+ - 7P : 3
| . Coe ' ,
-
' /«: x '

, - * ' The optima% values of y>and'P that minimize F can be

'easily obtained through a numerical algorithm,

T \

PR T SRR PRI s, h, o
®

LN
-

Therefore, Fa(s) can be treated as an scalar function

e i
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Nevertheless, as before, some interest}ng insight camy, be
obtained if we plot F as a function of P for diffeafat
values of v and-Qo. Examples of such plots are shown 1in
Fig. 3.9 At this point, some useful conclusions can be

derived:

»” »
A )
o

(a) From bot_h Fig. 4.9 and egqn. (4.50), it can be
' seen that the true minimum is reached when ﬂ/r7
| goes to infinity. dbgiouSly, then, the
’mathematically optimal design' for the circuit

¢
under consideration is not practically

realizable.

’ {b) The active sensifivity of this circuit . is
_reduced when Y is increased. This sensitivity

* - reduction is very prgnqunciated//eheﬁ this
parameter is increased frgm 1 to 5. F&rther
‘increments in Yy, however, do not lead to such

strong improvement. Consequently,it is

advisable to use a value for Y as highves

1

possible but still in the range from 1 to 5.

(c) 'For a given value of Q,s there is a subgptimal
value .of P for which the objective function is
at a minimum. This optimal P is reasonably

independent of‘},

(d) All curves are very shallow around the minimum

point: Therefore, one can use any value of P in

AV~
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the range of 0.1<P<0.2 without significaﬁt

increase in F for any values of y and Qo'

(e) If the circuit is designed using y in the range
from 1 to 5 and P in the range froh 0.1 to 0.2,

; practical examples show that the resistor spread
will 'be always smaller than 50. This spread is

quite tolerable in current IC technology.

In [50], an actively compensated bandpass circuit
employing 2 OAs is claimed to have "better performance than
any other actively compensated filters". It is interesting,
to ~compare the bandpass filter treated in this subsection
(which we shall call BP3) against the one 1in that article

(which we shall call BP2). For this purpose, let us def

‘

a suitable figure of merit.
€4

Eqns. (4.11) and (4.23) express the deviations in
‘the transfer function from its ideal value due to the actual

OA characteristics for actively compensated circuits ®ging 2

and 3 Oas, respeqtively.' If the fractional transfer

I~

H(s, Tl' TZ) - H(S,0,0)
H(s,0,0)

function deviation is defined as

» -~

H(s) =

or ' N
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H(s, Tl'TZ’ T3) - H(slololo)

H(s) = (s, 0,0,0)

it follows from those equations that

H(s) = Fz(s)TITZSZ : © (4.51)
or <”DA
. 3 AY
H(s) = F3¢3)T1Tz<?s (4.52)
. Ty

y
for 2 and 3 OA circuits, respectively. ,

For the' two circuits under «com&arison, H(s) |is
maximum at the ©pole freqhency, namely § = jano. Also,
H(jano) increases as fo increases. Therefore, a ‘suitable
fi;ﬁ;e of merit for comparihg the two filters is‘Ehe maximum
fo for which | H(j2nf°)| is smaller than 10%. This maximum
£ can be easily calculated since Fz(s) and F3(s) can be

o
obtaineé by a routine circuit analysis.

The results of this analysis are shown in Table 4.3
for different values oleO, GB equal to 1 MHz and-v-equal to
5. For each Qo' the BP3 circuit used P équal to 0.18 while
the BP2 circuit used P equal to 0.2 as recomended in [501.

L

/
- '\

LN et o R e
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TABLE 4.3: MAXIMUM POLE FREQUENCY FOR WHICH

‘IAH(jZﬁfo)l < 0.1

Filter Q = 2 Q, = 10 Q, = 50
BP2 . 186.3 kHz  57.3 kHz  24.2 kuz
BP3 309.2 kHz  139.9 kHz 78,6 kHz

% ; ]

!
b g3 T
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From this table, it is evident that BP3 outperforms
significantly the other circuit. However, it 1is important
to note that the values of £, in Table 4.3 are obtained
while modelling the OAs as in eqn. (1.24). When actual OAs
are considered, fo is further 1limited by several OA
characteristics (e.g. the second pole of the OAs, the slew
rate, etc.). Therefore, the values in that table serQe for

comparison between the two circuits but do not necessarily

represent the maximum pole frequency achievable in p?aq&}ce.
(] ~

4.4 EXPERIMENTAL RESULTS

The 3 OA actively compensated bandpass filter
priﬁtﬁted in this chapter was designed fo; a pole frequency
equal to 80 kHz and a Q-factor equal to 10. For this
design, Y equal to-5 and P equal to 0.18 were used. The GBs
of thé OAs were measured to be 999, 1001 and 983 kHZ. Also,
the second pole of the OAs were measured to be ét 1869, 1847

and 1850 kHz, respectively.

Be}ore testing, the circuit was simulated on a
computer and it was found to be unstable when considgring a
two - pole model for the OAs. In order to stabilize the
circu{L, the return ratio [39] of the network was modified

by adding a resistor of value R/b3 to the circuit as shown

in Fig. 4.10. The value of b3 was calculated in order to

reduce b2 by a factor of

while leaving bl unaffected.
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Consequently, the return ratio was decreased by a factor of
10 and F3(s), the objective function considered in

subsection 4.3.3, was increased 10 times.

-

The resulting circuit was built and measured in the
laboratory along with the bandpass circuit presented in
[S0]. A comparison between the performance of both circuits
is shown in Table 4.4.

This comparison demonstrate clearly the superior

”»

performance of the 3 OA circuit. This good performance at

such unusually high frequency for active-RC filters was made

possible by not only the use of active compensation Bht also

by the use of the optimization procedure’ presented in this

chapter.

4.5 CONCLUSIONS

]

An active compensation technique was presented in
this chapter for use in cases where the building block
approach/cannot be applied. This technique can be applied
to most already existing SABs regardless of the transfer
function being realized. It was shown that the application
of this scheme results in nulling the first-oider effects of
the Gﬁs of the OAs in circuiés using 2 OAs and also the

!

second-order effects in 3 OA circuits.

o,
Y{‘,
")
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TABPE 4.4: EXPERIMENTAL RESULTS FOR THE

229

BANDPASS CIRCUIT

PARAMETER BP2 "BP3
ME (%) 0.61 -0.55
aQ, (%) 21.03 4.5

AlE(32nE )| (%) 21.35 4.8

Theoretical values: £

80.455 kHz
Q, =8.72 =
,‘|u(j2nfo)| £ 10.75

-n
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Furthet; a procedure for minimizing the residual
effects of the GBs of the OAs was presented. This procedure
is wvery simple and can be readily applied for all actively
compensated circuits with free design parameters.'. Two
exumpieé " demonstrate that significant performance

improvement can be 3jchieved by combining active compensation

~ and sensitiviéy minimization.
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1 “"{f /!
\_j\ ' ' ‘1; . -~ o
- CHAPTER 5
-
¢ 2]
CONCLUS IONS
Y

»

5.1 SUMMARY OF THE THESIS ' ‘

Active-RC filter networks using OAs have Dbeen

It

exténsively researched and used during the last decades.
Conventional'OA-based circuits, however, work well énly at -
frequencie$ much’ below the gain-bandwidth product of’éhe OAs
used. This limitation is due to the éffect of the frequency

dependent differential gain of the OAs which introduces

severe distortion in the transfer function realized "by the

19

circuit.

th

9
This thesis deals with a very effective technique for

extqnqing the operating freéhency range of these OA-based

networks, namely activg'cémpensation. In order to use this

-
2

technique, one can either replace the activenelement within

a given circuit b} an'hctive%y compensated version of tha:

element or consider the ci;cuit a§ a whole and compensate it

actively by modifying its'OQerall structure. 'In the‘first

apptoach, special attention has been given to the active
v

compensation of voltage:r amplifiers (VAs) due to the giéat

popularity of act}ve filters which use such building blocks.

3



g

232

Tn this dissertation, the results of a comprehensive

and systematic study on the generation and classification of
. . ' g L

actively compensated voltage amplifiers (ACVAs) are

L]
reported. Also, a new technique for the active compensation

Qf(active-RC circuits is described.

‘ b4
Towards this end, Chapter 2 contains an investigation
of ACVAS wusing 2 OAs. This investigation starts with the

analysis of a general 2 OA amplifier circuit. ’'From this

s

A
analysis, performance conditions are derived including the
1

ones that lead to*the active compensation. The;e conditions
are 'then used to classify the ACVAs accarding to a set of
both practical and theoretical coqsiderations. Additional
consiéerations allow each class to be further divided into
tfpes. The characterization of‘eacé type leads directly to
the circuit realizations. A set of 52 circuits is obggined
and classigigd.— Pafticularly,qa complete set. of infinite
input imp?@ance ACVAéqusing 2 OAs and 4 ;r less resistors is
obtained. Finally, all circuits presented in this chapter
are analyzed with respect ko performancé characteristics
such’as magnitude1ana phase errors, stability considering

the second pole of, the OAs, etc.

) -

3

The investigation of ACVAs is extended in Chapter 3
to include 3 OA circuits. For this purpose, a general model

of a 3 OX ACVA is analyzed and some performance conditions

are thus obtained. Bome additional restrictions are used‘to‘

reduce the effect of the increased complexity of 3°'OA ACVAs

©

i
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and to make &heir‘use simple and practical. Then, .3 OA
ACVAs are cléssified according.»to a set of practical and
theoretical conside;aﬁions.yhich:are npt the same the

ones used for classifying 2 OA CVAs, The circhit
realizations are obtained from this classification through '?
the sequential re;istor eliminatioh procedure mentioned in .
Chapter\gi A set of 161 ACVA realizations afe generated.

It is intgkesting to note that, among other results , it is
shown in this chapter that an inverting 3 OA ACVA possessing'
infinite input impedance cannot be orthogonally tunablq.
Also, an important subset of the circuits obtained 'are
analyzed with respect to the several performance factors

refered to above. A

The replacement of a VA building block by an ACVA cén
upgrade the performance of an important but restricted class
_of circuits. However, there are numerous applicatiéns where
VA-based circuits are not uééi/ In these cases, a different -
active compensation technique must be wused in order to
extgnd the operating frequency'raqge’of these neworks. Such
a technique isf presented in Chapter 4. Its use can
eliminate first-order effects of the gain-bandwidth product

of the OAs in circuits employing 2 OAs and also second-order

effects in 3 OA networks. v

In order to derive this technique, the general
structures of 2 and 3 OA circuits are analyzed. According

to the results of this analysis, a Tay%or series expansion

\_~
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ié used -to express the relationship between the actual
transfer * function of 2 and 3 Qe netwo;ks,and the transfer
function that would be realized if the OAs were ideal. From
this series, condi;ions for the active compensation of such

networks are readily obtained. Then, practical schemes are

‘proposed to implement these conditions in both enhanced

positive feedback and enhanced negative feedback siﬁgle

amplifier biquads.

All circuits obtained through the application of the
technique meptioned above have some free design parameters
whose valugg can 'be selected in ordér: to optimizé the
performance of the network with respect to a given
characteristic. This feature is explored in Chapter 4 and
an optimization procedure 'for minimizing the residual
effects of the gain~bandwidth of the OAs 1in actively
compensated ciécuits is presentedi. The objegtive function
used in this procedure can easily be obtained by a simple
analysis of the c;rcuié to be optimized. Therefore, this
procedure is\ readily apglicable to \diffefent circuits.
Examples are givep to demonstrate thé improved .performance
of the filters' designed according to this proceduge.

— w

——

Simulations and experimental results are included at
all the appropriaté places in the thesis 1in order to
demonstrate the accuracy of the theoretical conclusions

derived.
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5.2 ‘SUGGESTIONS FOR FUTURE RESEARCH

V4

., The study of ACVAs reported in this thesis is limited
to finite gain amplifiers. An immédiate extension of this

investigation would be the study of infinite gain

&

4
amplifiers. Such amplif;ers could be used as a direct '

replacement for the OAs themselves in several active

networks.

h

In the derivation of the activevcompensation schemes

for VAs, the OAs are ‘modeled as in eqn. (1.24).

Nevertheless, the second pole of the OAs are observed to

affect significantly the performance of the circuits at

frequencies ‘above 100 kHz. Thus, ‘aluseful direction of
research would be the attempt to obtain an active
compensat ion schéﬁe for the ACVAs in which a double éoleq
model is used'for the OAs. The ACVAs thus obtained could be

“
used at considerably higher frequencies.

Integrators are very important building blocks which
are used in numerous active-RC circuits. Therefoge, it
would be worthwhile to perform a study of this kind of
circuit. Such study could be conducted in a way similar to

the one used in this thesis for ACVAs.

. In conclusion, the author hopes that the studj'and
techniques presented will be useful to the analog circuit

design in- practice. Moreover, owing to the widespread use

e
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of active-RC networks in several areas, bthe/apho’r also

hopes that the results obtainWound useful in a
variety of industr Mns‘.
’,;A,ﬂ/ . 3
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