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PREFACE

Several years ago, the Applications Engineering Section of Burr-Brown
prepared a Handbook of Operational Amplifier Applications describing the properties
of operational amplifiers and some of their many uses. It was felt that such a handbook
would be of interest and value not only to present users of operational amplifiers, but
also to those who were considering new applications for them. The response with
which this handbook was received was most rewarding. The original supply of books
was quickly exhausted, and several additional printings also rapidly disappeared.

Recently, we have been receiving an ever increasing number of inquiries from
our customers concerning the use of operational amplifiers in filtering applications.
To satisfy these requests, we undertook the preparation of a second handbook, one on
active RC networks, To aid us in this project we were fortunate to be able to secure
the services of Dr, L. P. Huelsman of the University of Arizona, a recognized authority
in this area, The result is this handbook, [t contains both theoretical and applied
treatments of the application of active RC networks to the more common filtering
problems,

This booklet is intended for you, the user, If you should have any questions
concerning the material in this handbook, or any other operational amplifier application,
please do not hesitate to contact the Applications Engineering Section at Burr-Brown.

We will be most happy to talk with you at any time.

Howese £ /.G,

Thomas R. Brown, Jr., President




FROM THE AUTHOR

Over the past decade, one of my primary interests has been the merging of the
practical and theoretical aspects of the very fascinating subject of inductanceless filter
realizations, or, as they are more popularly called, active RC networks. The researches
performed by myself and others have indicated that such networks are not only practical,
but in many applications, they are quite superior to their passive counterparts. Earlyin
these investigations it became apparent that the operational amplifier provided a com-
mon basis linking many different theoretical approaches. Thus, when | was approached
with the request to aid in the preparation of a handbook on this subject, | found it most
appropriate that the request should come from a manufacturer of these devices. The
result of our efforts is this handbook. | found the writing of it both challenging and
entertaining.  hope that you, the reader, will find it both stimulating and of value as
an introduction to a most important and interesting area of network theory, the area of
active RC networks.

Any such book is naturally the result of the efforts and enthusiasm of many
people. In particular | would like to acknowledge the most able technical and engineer-
ing assistance given by the Applications Engineering Section of Burr-Brown, Their
background, knowledge, and experience in solving active network problems were of

immeasureable assistance
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SECTION |

ACTIVE RC NETWORK THEORY

The subject of active RC networks is one which has attracted considerable at-
tention in the past few years from network theorists. Many new active devices and
many new techniques have been developed. Some of these techniques have been of
great theoretical interest, but of little practical value. Others, however, offer great
practicality and have great potential for everyday application  In writing this hand-
book, the goal has been to screen the large volume of literature on this subject, and
present only those techniques which are of definite practical value to the working en-
gineer All of the realization schemes described in Chapters 2 through 5 have been
proven on the bench, and full details on their implementation are given in the circuits
section of this handbook In addition, each of these techniques is described in the
text, where some of the pertinent theoretical background is given. The reader who is
interested in a more detailed theoretical treatment will find that the references listed
in Appendix A will give him an excellent introduction into the considerable literature

on this subject.



CHAPTER 1

INTRODUCTION

This is a handbook on active RC networks

¥ SURE

ARE ACTIVE! The first question about this subject that

ane might o=k is, "What |5 on octive AC
refwnrk ™ The onower ls deple. [0 e
collection of resistors, capacitors, and an
active element (or elements). Viewed in
another sense, it is a circuit without indu
tors. Why leave out inductors? There are many reasons. First of all, the inductor

a relatively large and heavy element. This is especially true at frequencies in the au-

dio range and below Second, inductors

| DM
DISSIPATE

generally have more dissipation associated

7yl

with them than capacitors of similar size do
In other words, commercially available in-
ductors are not nearly as "ideal" as commer-
ially available capacitors usually are. |If
you have tried to use network synthesis tech-
niques you have probably discovered that the dissipation (or resistance) associated with
inductors can cause considerable difficulty. For these reasons {and a few others suct
as non-linearity, saturation, and cost) more and more interest is being shown in circuit

design techniques which avoid the use of inductors, namely active RC networks,



Can active RC networks do every~
thing that passive RLC networks can do? Yes,
and more! They can have natural frequencies
anyplace in the left half ot the complex fre-
quency (or “s")plane. They can function as
oscillators; in other words they can have na-

tural frequencies on the jw axis. They can

provide transformation ratios just like the

<>

coupled coils of a transformer do (however they can't provide the isolation). They can
even provide perfect coupling and thus realize "“ideal" transformers, which actual cou-
pled coils cannot do. They can gyrate microfarads of capacitance into hundreds of
henries of inductance, etc  There won't be space in this handbook to cover all of the
things that active RC networkscan do. Instead, we'll try to show you in detail how to
use them fo do some of your more common filtering tasks. If you are interested in more
specialized applications, some references are given in Appendix A,

How does the tremendous capability of active RC networks come about? Cer-
tainly not from the passive elements, the resistors and capacitors. Taken by themselves,
these elements can produce natural frequencies only on the negative real axis of the
complex frequency plane, a relatively uninteresting region for most filtering applica-

tions. Active RC networks, on the other hand, can have natural frequencies anywhere

WHAT A
PASSIVE LIFE.

on the complex frequency plane. Right

half plane natural frequencies, of course,

1/
W..__h.‘ t') .: 4 m Plane are not useful because they signify unstable

network behavior, so we'll just consider

the usable active RC natural frequencies as

being in the left half plane or on the ju axis.
Natural frequencies for passive

RC circuit s . ;
circuits Since it is the "active" element that gives

10



active RC networks their potentiality, let's

5
briefly consider such elements in more detail. et _5:'”# RN
. 1 ' IT'S GREAT
There are several types of active J TO BE

: ACTIVE:
elements that can be used in active RC net- > <
works. First, there is the ideal voltage ampli- \p '

! gl
fier of high gain By "high" here we mean a T :

Ly H
L

in the order of at least 60 db By "ideal"

infinite input impedance and zero :?iliercrz::ml frequencies for active
wiput impedance. The operational amplifier is an example of such an active element
iecond, there is the ideal voltage amplifier of low gain By "low" here we mean a
gain in the order of 20 db or less. Such an element is sometimes referred to as a con-
trolled source. Third, there is the NIC (negative-immittance converter, also some-
‘mes referred to as a negative-impedance converter) This is a two—port device (a de~
vice with two sets of terminal pairs) with
the property that an impedance connected
across one set of terminals appears as a

negative impedance at the other set of ter-

minals. Fourth, there is the gyrator, a de-

MEGATIVE
TO ME! vice that converts capacitance to induc-

tance and vice versa. An interesting point

to be noted here is that any of the last three types of active elements listed above can

also be realized very simply and accurately THE M|

with operational amplifiers Thus, we see |
that the operational amplifier can be con- L : - T
sidered as a basic building block for con-

structing every type of active RC network.

Many more details about the active elements

H



troduced above will be given in the sections that follow. The networks which use
operational amplifiers to realize these active elements will also be discussed. First,
however, let us say a few things about the operational amplifier
The modern differential input operational amplifier may be simply modeled as
an ideal voltage amplifier of very low out-

put impedance (we'll assume that it is zero),

(Dt} i —{
very high input impedance (we'll assume that - KE
“qa
it is infinite), and very high gain, with the + _
=0
property that the output voltage is propor- J_

tional to the difference in the voltages ap-

plied to the two input terminals. An equiva-
Fig. 1-1. Ideal model for

lent circuit for such a model is shown in Fig. an operational amplifier.

The circuit symbol that will be used in future discussions is shown with the same
terminal numbers in Fig. 1-2.
As a result of the properties of the operational amplifier, when it is inserted
in circuit configurations, the voltage be-
tween the input terminals numbered 1 and 2
in Figs. 1-1 and 1-2 is driven to zero. Due

to the high input impedance and zero volt=

age, the current into both of these terminals

may be considered as zero. These two
Fig. 1-2, Circuit symbol for Y

an operational amplifier., h L. ) he Vi | N
characteristics comprise the "virtual ground

concept which is a basic tool for analyzing operational amplifier circuits. For more
detailed information on the properties and characteristics of operational amplifiers,
you should consult the "Handbook of Operational Amplifier. Applications" which is
available from Burr-Brown Research Corporation.

In the remainder of this handbook, we shall discuss in detail how the variou:

12



types of active elements introduced above may be used to produce the commonest types
of network characteristics, namely, the low-pass, the high-pass, and the band-pass
characteristic. We shall see that each of the active elements has its own advantages
and disadvantages in the different circuit configurations. So, without more delay, let

us start our investigation of active RC networks, a world without inductors.

e —

HELP STAMP OUT
—__INDUCTORS __—~ |
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CHAPTER 2

THE INFINITE-GAIN SINGLE-FEEDBACK CIRCUIT

The first active element that we shall consider for realizing active RC net-

works is the operational amplifier. In this chapter we shall investigate its use directly

as an operational amplifier, in other words we shall not first modify it so that its char-

acteristics approach those of some other active device. It may be helpful at this point

to review briefly some of the characteristics of the operational amplifier. Those read-

ers who are familiar with operational amplifiers may skip the next section without loss

of continuity

The Operational Amplifier

In Fig. 2-1 we have shown a
symbolic representation for.an opera-

tional amplifier which defines the in-

put voltages E| and Ep and the output O

voltage E,. The terminal numbers 1,

Fig. 2-1. Symbolic Representation of the =
Operational Amplifier

2, and 4 are standard markings on all Burr-Brown operational amplifiers. In terms of

~aaburalian T

1

e -

-y
|

=Laturation
Fig, 2=2. Opansloog DT Teomds i Chorae ot
ol rhe Osarailcmad Sorpl i fles

these voltages we may plot a typical
open-loop d-c transfer characteris

as shown in Fig. 2-2. From this figu
we see that terminal 1 may be referred

to as the "inverting" input terminal,



while terminal 2 may be referred to as the "non-inverting” input terminal. In a typi-
cal solid-state operational amplifier (for example, the Burr-Brown Model 3005/15) the
magnitude of E_ is greater than 10 volts at saturation. The open-loop d~c gain of the
amplifier is 100,000, so we see that the magnitude of E, the differential input voltage
that produces saturation, is 0.1 millivolts. The open=loop frequency characteristic of

a typical operational amplifier is shown in Fig. 2-3, The slope of the roll-off is less

1K) =

B~
1Gainl
ik}

by 40+

20

Fraquency H=
i

0 t 4 i } i -
1 10 100 1K 10K 100K 1M

Fig. 2-3. Open-Loop Frequency Characteristic of a Typical Operational Amplifier

than 12 db/octave, The location of the break point is determined by a compensation
network, In some operational amplifiers (such asthe Burr-Brown Model 3005/15) this net-
work is integral with the operational amplifier circuitry; in others, (such as the Burr-
Brown Model 1509/15) it is external to the amplifier packaging, and thus may be readily
changed. Stability considerations determine the proper choice of compensation network
for a given circuit configuration; however, most operational amplifiers are compen-
sated so as to provide adequate performance for the majority of circuit applications.

For additional information on stability, compensation, or other general properties of
operational amplifiers, the reader is referred to the "Handbook of Operational Amplifier

Applications," published by Burr-Brown,

The Bosic Single Fesdbock Clrouli

The basic circuit that will be considered in this chapter consists of two pas-

sive networks, which we will refer to as network A and network B, and an operational

16



amplifier. Network A is connected between the input to the circuit and the input ter-
minal of the operational amplifier Network B is used as a feedback network from the

output to the input of the operational amplifier. The circuit is shown inFlg. 2-4,

it wmrk

™ o

Fig. 2-4, Basic Single-Feedback Operational Amplifier Circuit

+0

=
L ]

O

should be noted that the operational amplifier is used in an inverting configuration,
i.e,with its non-inverting input terminal (terminal 2) grounded. We shall call this

circuit an infinite-gain single-feedback circuit since the operational amplifier which

is the active element normally has very high gein, and since the feedback around it is
made to a single point.

To characterize the properties of the two passive networks, we shall use their
y parameters. For network A we may define voltage and current variables as shown in

Fig. 2-5, The relations between these variables and the y parameters of the network

lla |2q
are D — ‘—".D
+ ¥iim +
la ™= Y11aE1a * Y12¢F20 ) Fla E2a
12 =V12a%10 ¥ Y225520 O— O

Fig. 2-5, The Port Variables for Network A

Similarly, for network B and the variables shown in Fig. 2-6, we may write

o 2
O——=d —"—0 i, =y * yinE
e Yiib Y b Hb‘ 1b 12b"2b @
Er By 12 = 12bE1b * y220. 2
o O All of the voltage and current variables

Fig. 2-6. The Port Variables for Network B
and the y parameters defined in equations

17



(1) and (2) are functions of "s", the complex frequency variable

The Voltage Transfer Function

The basic network configuration for the infinite-gain single-feedback circuit

has been redrawn in Fig. 2-7 to indicate the variables of the two passive networks ex-

b 2%

]
|

+ + Y; ja

° 2

Fig. 2-7. The Port Variables for the Basic Single-Feedback Circuit,

plicitly. In Chapter 1, it was pointed out that due to the "virtual ground," the volt-

age between terminals 1 and 2 of the operational amplifier may be considered to be
Thus, the voltage EZQ shown in Fig. 2-7 is zero. From the second equation of

(1), we see that under this condition Irg = y]2°E]a. In addition, since Ej, and Ey

are equal, we may write

l2q = Y1201 (3

Similarly, for network B, Elb is zero, and E2b= E2 Thus we see that

hb = y126 52 “

The virtual ground concept also tells us that the current into terminal 1 of the opera-~
tional amplifier is negligibly small. Thus we see that l2g = -lip- We may now com-

bine equations (3) and (4) to obtain



Ey  -¥12q
By 7

This is the open-circuit voltage transfer function for the infinite~gain single~feedback
active circuit configuration.

Let us examine the voltage transfer function given in equation (5) more close~
ly. If networks A and B are passive RC networks, their natural frequencies will be on
the negative real axis of the complex frequency plane. Let us assume that both of the
passive networks have the same natural frequencies; then the denominators of the func-
tions y o, and y 4 will cancel and the locations of these natural frequencies will not
affect the voltage transfer function of the overall network. The poles of the voltage
transfer function of the active network configuration will then be determined solely by
the zeros of the transfer admittance y)op. Since a passive RC network can have the
zeros of its transfer admittance anywhere on the complex frequency plane, this says
that we can realize complex conjugate poles in our voltage transfer function. Such
poles will, of course, be restricted to the left half of the complex frequency plane for
reasons of stability, Similarly, the zeros of the voltage transfer function given in
equation (5) will be determined by the zeros of ylza, and therefore we can realize any
desired real or complex conjugate zeros in our voltage transfer function. Thus we see
that an infinite-gain single-feedback active RC network configuration can be used to
realize almost any desired pole-zero configuration,

One other property of this circuit should be noted, Suppose that another net-
work with transfer admittance y o is also connected to the input terminal of the
operational amplifier, The connection is shown in Fig. 2-8, where the additional
network is labeled as network C, The input voltages to networks A and C are E, and
Ey respectively. An analysis similar to the one made in the preceding paragraph shows

that the output voltage E, for this circuit is given by the relation
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Figu 3-8, Dl Soewsirg Smgle=Feedbock Circuit

e

H

Thus we see that the infinite-gain single-feedback circuit configuration can also be
used for summing signals from separate sources  This can be done without any inter-

action oceurring between the sources.

The Passive Networks

In general, most filter designs require the use of complex conjugate poles.
To produce these by the active RC technique described in this chapter, we thus require
passive networks which have transfer admittances with complex conjugate zeros. There
are several such network configurations, of which the two most common ones are the

bridged-T network and the twin-T network. It is beyond the scope of this handbook to

analyze such networks in detail. For C]
J -
completeness, however, we will pre- "
Gy G2
sent a simple design procedure for each ()~ A AAA— O
type of network in this section -J- C

. 2 .
An example of a bridged-T O T O

network is shown in Fig. 2-9. The Fig. 2-9. Bridged-T RC Network

20



units for the elements of this network are farads for the capacitors and mhos (G = 1/R)
for the resistors. For a transfer admittance frequency normalized to one radian/second,

and of the form

2
¢+ as + 1
')’]2= s+ a (7)

the elements will have the following values:

C= .0 Gy = V/{a - 1/Gy)

G =2.5-a C2 = GGy

Such a network is not useful for producing zeros that lie close to the j w axis,
for small values of the constant a in.the numerator of equation (7) A useful range of

the constant a for this circuit is
1/2<a<2 9

It should be noted that the usual frequency and impedance normalizations must be ap-
plied to this circuit to determine the actual element values.

An example of a twin-T network is shown in Fig. 2-10. If the network ele-

< <,
ments are chosen such that 1t 1L
it 1t

1+
Aj=C =Gy =1 5-d53

Q

s O—
(10) A2=C2=62=A]/(A] -1

A3=C3=G3 =A]A2/(] + a)

O

the transfer admittance of this network will be

Fig. 2+10. Twin-T RC Network

s+ 1) +as+ 1)

27 +a)s +o9) an

Note that in equations (10), the numerical values of the capacitors in farads and the

resistors in mhos are equal  For convenience, these values have also been referred to

21



as Ay, Ap, and Ag. The constants oy and g5 in equation (11) can be found by the re-

lations

Al + A
q'.l =]—__2_ ozzi (‘[2)
Az 9]

This network may be used for producing zeros which are as close to the ju axis as de-
sired, i.e., for as small a value of the constant a as may be required. Exiremely
small values of a, however, may lead to oscillations in the overall active circuit. It
should be noted that the numerator of the transfer admittance of this network as given
in equation (11) is of third degree with a negative real zero at =  The poles of the
transfer admittance, however, are located with geometrical symmetricity about -1.
This may be seen from the second equation of (12). .t is easily shown that as the con-

stant a approaches zero, ¢ andcy2 both approach unity. Thus, when a equals zero,

1
cancellation occurs between one of the poles and the negative real zero in the numer-
ator of the transfer admittance. Similarly, for small values of a, the numerator zero

rery nearly cancels one of the poles, and the transfer admittance may be assumed to

have the form

2+ as + 1
V=TS E T (13)

without significant loss of accuracy

Network Design

Now let us consider the application of the infinite-gain single-feedback ac-
tive RC circuit to the realization of three common filtering applications — the low
pass, high pass, and band pass cases. For the low pass network, the frequency norma-

lized voltage transfer function is of the form

22



Ep -H

E_,=52+as+l 4

where H is a positive real constant giving the magnitude of the pass band gain, A

common choice for the constant a is /2. This gives a maximally flat fometimes called

a Butterworth) frequency response characteristic. A bridged-T network of the type

shown in Fig. 2-9 may be used to produce the complex conjugate poles. The element
alues can be found from equations (8). The bridged-T network is used as network B

f Fig. 2-4. The transfer admittance for network A must have no finite zeros, but

must have a single negative real pole. A network satisfying these requirements is

G] G2 shown in Fig. 2=11. This network has

| the transfer admittance

C
o T o cyoyc

127 3G * Gp)/C
Fig. 2-11, Low Pass Network A

(15)

Since this network must have the same pole location as network B, the factor (Gy +
Gp)/C must be set equal to the constant a  The complete network, together with
summary of the design procedure, and some sample element values is given in the cir-
cuit section of this handbook as Circuit No.

For the high pass network, the frequency normalized voltage transfer function

will be of the form
= (16)

where H is a positive real constant giving the magnitude of the gain in the pass band.
The same bridged-T network which was used for the low pass case may be used for net-
work B for this case, since the poles of the transfer function will normally have similar
locations. The fransfer admittance for network A must now have two zeros at the ori-

gin and a single pole on the negative real axis. A network satisfying these requirements

23



is shown in Fig. 2-12, It has the c Cy
]
1

o, —

-l
-~
O

transfer admittance C

- - SZC]CZ/(C] +C2)
(17) 2" SF6/C, )

O -0

The element values must be chosen so Fig. 2-12. High Pass Network A

that the factor G/(Cy +C5) equals the constant a. The complete network, a design
procedure, and a set of typical element values is given in the circuit section as Cir-
cuit No. 2,

For a band pass network, the frequency normalized voltage transfer function

will be of the form

E2 _ T____'Hs (18)
Ej s¢+as +1

The magnitude of the gain in the pass band for this function is H/a, where H is a posi-
tive real constant. Most band pass filter applications require that the constant a be
small, i.e., that the poles be close to the ju axis. For this case the bridged-T network
is not satisfactory, and it will usually be necessary to use a twin-T network of the type
shown in Fig., 2-10 as network B, If we assume that the transfer admittance of the
twin-T network is of the form given in equation (13), then the transfer admittance of
network A must have a single zero at the origin and a pole at =1, A network satisfying

these requirements is shown in Fig. 2-13. 1t has the transfer admittance

G ICL sG
O M 1€ -O Y12= 5+G/C

O -O

Fig. 2-13. Single Zero - Single Pole
9 9 Network Ag

(19)

The factor G/C must be set equal to unity. The complete network, a design procedure,
and a set of typical element values is given in the circuit section of this handbook as
Circuit No. 3.

It should be noted that, in any realization produced by the method outlined

24



in this chapter, the gain constant of the complete network realization is easily adjusted
by changing the impedance normalization of either of the component passive networks,
This is easily seen from equation (5). For example, to raise the overall network gain,
one may either lower the impedance level of network A (and thus raise the magnitude
of y124) or raise the impedance level of network B (and thus lower the magnitude of
Y12b). It should also be noted that all circuits described in this chapter produce a
signal inversion in addition to the frequency dependent properties which have been

noted.

Conclusions

At this point we may make some conclusions regarding some of the properties
of the infinite-gain single-feedback active RC circuit configuration described in this
chapter. These conclusions will assist us in determining the relative merits of this
configuration as compared to the other configurations which will be described in the
chapters that follow. One of the major disadvantages of this active RC circuit config-
uration is the large number of passive elements that it requires. For example, in the
band pass network described as Circuit No. 3, we see that eight elements are needed,
Another difficulty is brought about by the fact that bridged-T and twin-T networks
must be used to produce the complex conjugate poles. This means that any adjustment
or trimming of the pole locations will be difficult since the passive elements interact
to a high degree in such networks, On the positive side of the ledger is the fact that
this configuration has its pole locations determined completely by the passive networks.
Thus the pole locations will remain relatively stable and independent of changes in the
active element. This is a considerable advantage when it is desired to design high-Q
networks, where the poles are located close to the juw axis, since even small pole dis-
placements may produce instability in this case. Another advantage of this configura-

tion is that the output impedance of the network is equal to the output impedance of

25



the operational amplifier, which with high loop gain is very low. Thus, this circuit
may be used to drive other networks, without the need for an isolating stage, and
without appreciable change in the circuit characteristics due to loading. Yet another

desirable feature is the capability of summing signals at the input.
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CHAPTER 3

THE INFINITE-GAIN MULTIPLE-FEEDBACK CIRCUIT

In the preceding chapter an active RC network configuration described as an
infinite-gain single-feedback circuit was presented. An operational amplifier was
ised as the active element, and a single feedback path was provided around it.
this chapter another .active RC network cenfiguration will be presented. An operational
amplifier will again be used as the active element; however, more than one feedback
path will be provided around it. The advantages and disadvantages of the two ap~

proaches will be compared

The Basic Multiple Feedback Circuit

The basic circuit that will be described in this chapter consists of a number of
two-terminal passive elements, interconnected so as to form feedback paths around an
operational amplifier. The operational amplifier is used in an inverting configuration,

with its non-inverting input terminal (terminal 2) grounded. The general circuit

configuration is shown in Fig. 3-1. We shall call this circuit an infinite-gain multiple-

feedback circuit. In applying this circuit to the realization of transfer functions, it is
practical to restrict each of the passive two-terminal elements to a single resistor or o
single capacitor. In addition, if we limit ourselves to the realization of a voltage trans-
fer function with a single pair of complex conjugate poles, and with zeros located only

at the origin of the complex frequency plane or at infinity, then a maximum of five
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Fig. 3-1. Multiple~Feedback. (MFB) Operational Amplifier Circuit
elements is necessary  The low pass, high pass, and band pass cases are included in
this class of transfer functions The extension of the method to other cases will be

clear from the discussion that follows.

The Voltage Transfer Function

The basic circuit that may be used to realize voltage transfer tunctions with
a single pair of complex conjugate poles and with zeros restricted to the origin or in-

finity is shown in Fig. 3-2. Each of the elements Y, shown in this figure represents a

3-2, Basic Multiple-Feedback Circuit

single resistor or a single capacitor. Reference currents I; and an interior voltage E,

have been defined -in the figure to aid in the analysis. From the figure we may write

1
= — Iy + i
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It is also obvious that
|‘=|2+|3+|4 (2)

The virtual ground imposed by the operational amplifier requires that the voltage across
both Y, and Y3 equal Eq. Similarly, the voltage across Y4 is the difference between

Eo and Ep, Thus we may write expressions for the branch currents as

Iy = Yok,

I3 = Y3E, @)

Iy = Y4(Eq - E9)
The virtual ground also requires that I3 = I5, thus we may write
I3 = Y3E, = -Y5E2 = I5 @

If we substitute the relations of equations (2), (3), and (4) into equation:(1), we obtain

E, -Y Y3

—_—— 5
Eq Y5(Y] + Yo + Y3 + Y4) + Y3Yy ©)

This is the open-circuit voltage transfer function for the infinite-gain multiple-feed-
back circuit shown in Fig. 3-2  The elements Y; of this network may readily be chosen
so as to obtain low pass, high pass, and band pass voltage transfer functions. This will

be shown in the next section

Network Design

Let us first consider the use of the infinite-gain multiple-feedback configura-
tion to realize a low pass network. It is desired to obtain a frequency normalized volt-

age transfer function of the form
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E2 -H

AT L ©
where H is a positive real constant which specifies the gaininthe passband,i.e.,the d-c
gain. If we compare the above equation with equation (5), we see that in order to
have the numerator not be a function of "s", both of the elements Y; and Yq must be
resistors. Similarly, in order to generate the s2 term in the denominator, Y5 must be
a capacitor, as must either Yo or Y4. Yy, however, must be a resistor; otherwise, it
will not be possible to realize the constant term in the denominator (this must come
from the product Y3Y4) Thus, we must make the following choices for the elements

of the circuit shown in Fig. 3-2:

Yy =Gy Y3 = G3
Yy = sCo Y4 = Gy 7)

Y5 = SC5

The circuit with these elements is shown in Fig. 3-3  The voltage transfer function for

Cc
T®
Fig. 3-3. Low Pass MFB Active Filter 3

this circuit is

Ez -GG

——— - ®)
g CJ’:E ¥ 5':&':G'I - G—_ " G’q] E -\_'lac-q

It should be noted that this circuit produces a signal inversion, as will be true for all

the circuits realized by this technique. The specific solutions for the element values
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in terms of the constants a and H may be found by equating corresponding coefficients
in equations (6) and (8). Such a process leads to a simultaneous set of equations which
are, unfortunately, non-linear. The nature of the set of equations is such, however,
that constraints may be applied to develop a set of solutions. Such a set of solutions,
together with other design information, is given in the circuit section of this handbook
as Circuit No. 4. It should be noted that although the solutions given have been found
to give good experimental results, they are not unique; .e., other sets of solutions
also exist

The high pass network can be considered in a manner similar to the low pass
network  The frequency normalized high pass voltage transfer function will be of the

form

Ep  -Hs
®

_E]‘_ 2+ as+ 1

where H is a positive real constant which specifies the gain in the pass band, i..
the high frequency gain  The network elements shown in Fig. 3-2 must be chosen as

follows:

Y, = G Y, = sC (10)
2= G2 4=Cy

The resulting voltage transfer function may be expressed in terms of the network ele-

ments as

Eo -s2C1C3 an
E}  s2C3C4 + sG5(C] + C3 + Cg) + GoGs

The circuit configuration is shown in Fig. 3-4. The same comments that were made

31



—9
E3
2’4
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with respect to solving for the element values in the low pass network also apply in
this case. A set of design equations and a summary of other information on this circuit
is given in the circuits section of this handbook as Circuit No.5.
There are several configurations of five elements which can be used to real-
ize a band pass network with a frequency normalized transfer function of the form

E -Hs

Ey 2 +as+1

where H is a positive real constant and H/a is the magnitude of gain in the pass band

One of the most practical configurations is the one defined by the following choice of

elements:

Y] = G] Y3 = SC3

Y4 = SC4 (]3)
Y5 = Gs

For such a choice, the voltage transfer function may be written in terms of the elements

as

E2 -sG1C3 (14)
s2C3C4 + sG5(C3 + Cg) + G5(Gy + Gp)

32



The circuit configuration is shown in Fig. 3-5. A set of non-linear equations must be

1FO: 5 <0

Fig. 3-5. Band Pass MFB Active Filter

solved for the element values. The solutions and the circuit design information is giv-

en in the circuits section of this handbook as Circuit No. 6.

Conclusions

In a manner similar to that of the last chapter, we may make some conclusions
regarding the characteristics of the infinite~gain multiple~feedback circuit configura-
tion. One advantage we see is that the number of elements is greatly reduced from
the number required for the infinite-gain single-feedback circuits of the preceding
chapter. For example, for the low pass and high pass circuits, a maximum of five ele-
ments is required, compared with seven for the single-feedback circuit. As may be
seen from the design equations given in the circuits section of the handbook, there ar:
also cases in which one of the five elements may be eliminated In the band pass case,
four or five elements are required rather than eight, a considerable saving. The same
advantage of low output impedance which was pointed out for the single-feedback cir-
cuit holds true for the multiple-feedback circuit, since the output impedance of the
circuit is just the closed loop output impedance of the operational amplifier. Thus this
circuit may be used to drive other circuits without degradation of performance due to

loading effects.

The multiple-feedback circuit, however, has some disadvantages which the
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single-feedback circuit does not. For example, it is not possible to obtain high Q
band pass realizations with the multiple-feedback configuration without resorting to
large spreads of element values. Another disadvantage is the fact that since feedback
is made to two points, there is no one single point in the circuit which can be used to
sum separate signals as could be done in the single-feedback configuration. Also, if
it is desired to realize transfer functions with zeros other than at the origin or infinity,
the networks and the design procedure for the multiple-feedback case become consid~
erably more complicated. Finally, this approach, in general, cannot be used to achieve
as large a value of gain constant as may be obtained by the single-feedback configur-
ion. Articles have appeared in the literature discussing the application of the infin-
ite-gain multiple-feedback circuit configuration to the realization of more complicated
transfer functions. For the reader who wishes to pursue this topic further, some refer-

ences are given in Appendix A,
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CHAPTER 4

THE CONTROLLED SOURCE CIiRCUIT

In the preceding chapters, some general properties of active RC circuits were
introduced, and two types of active RC circuit configurations were analyzed. Both of
these configurations required an active element with a high value of gain. Thus, they
were referred to as "infinite-gain" realizations, ond an operational amplifier was used
to provide the gain. In this chapter a quite different circuit configuration will be
presented. It requires an active element with a relatively low value of gain , which
we shall refer to as a controlled source.

In general, a controlled source is an active network element which has an
output voltage or current which is a function of some single input voltage or current,
but is unaffected by any of the other voltages or currents in the network. There are
four types of controlled sources: the voltage-controlled voltage source, the current-
conirolled voltage source, the voltage-controlled current source, and the current-con-
trolled current source, Certain physical devices have characteristics which make them
act in @ manner similar to some of these sources. For example, a transistor acts some~
what like a current-controlled current source. Similarly, a pentode acts very nearly

like a voltage-controlled current source.

The Voltage-Controlled Voltage Source

In our discussion of the use of controlled sources in active RC circuits, we
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will limit ourselves to a single type of source, an ideal voltage amplifier with infinite
input impedance, zero output impedance, and an output voltage which is equal to the
input voltage multiplied by some positive or negative constant, This device we shall
refer to as a VCVS (voltage-controlled voltage source). A circuit model for it is shown
in Fig. 4-1 From this figure we see that ’52 = KE] , where the constant K is usually
referred to as the "gain." It may be either positive or negative The circuit symbol

which we shall use for the VCVS is shown in Fig. 4-2

o0—— —_—

E, ked) E,

O o O O

Fig. 4-1. VCVS Circuit Model Fig. 4-2, VCVS Circuit Symbol

Now let us see how we can realize a VCVS with an operational amplifier.
For the values of K that are positive and greater than unity, the circuit shown in Fig.
4-3 may be used. Note that in this circuit, the non-inverting terminal of the opera-

tional amplifier (terminal 2) is used as

the input terminal  Using the virtual

ground concept introduced in Chapter

1, we see that terminals 1 and 2 must

be at the same potential. Since the

voltage at terminal 1 is equal to Ryl4

Fig. 4-3. Non-Inverting Operational
Amplifier VCVS

2

same; therefore, E = Raly  No current flows into the operational amplifier terminals;

the voltage at terminal 2 must be the

therefore, the currents |, and Iy are equal. Thus Ep = (Rq+ Ry)l;  Combining these

relations we obtain

2: R"_+_RE m
El Ro
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Since the input impedance af terminal 2 (as well as that at terminal 1) of the opera-
inal amplifier is very large, the circuit shown in Fig. 4-3 may be considered as an
ideal VCVS with a value of K equal to (R, + Ry)/Ry. It should be noted that the ideal-
ness of this VCVS realization is relatively independent of the impedance levels which

are chosen for Ry and Ry,. In practice, values of Ry in the range of 100 k ohms will

usually prove satisfactory

Network Design

The controlled source described in the last section may be used, in connection
with passive RC networks, to obtain various network functions. The first such function
that we shall consider is the transfer function for the low pass network. The frequency
normalized voltage transfer function is

Ey H
E] s + as + 1

@

where H is a positive real constant giving the value of the gain in the pass band. A

network configuration which will produce this function is shown in Fig. 4-4 In terms

<
1
i1
G.
O—waA— —f)
+ +
E, E,

T

Fig. 4-4, VCVS Low Pass Active Filter —

of the elements shown in this figure, we may write the voltage transfer function as

E KG,G;

Ey T PC1G; + s(C2G) + C26; + €165 - KG,Gp) £ G, G, @
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From the preceding equations we see that no signal inversion is introduced by this net-
work configuration

The transfer function given in equation (3) points out some interesting proper-
ties of this circuit realization. First of all, the low frequency gain, the gain in
the pass band, may be found by evaluating equation (3) in the limit as "s" approaches

It is readily seen that this gain is simply equal to K. In other words, the
all gain specified for the circuit directly determines the gain of the VCVS. Second,
if it is desired to change the value of the cutoff frequency for this circuit, this may
done by changing the values either of the resistors or the capacitors. Such changes
will not offect the gain in the pass band. If, in oddition, the changes are made in
such a way that the ratio of the two elements changed remains the same, i.e. if the
same percentage change is made to each of them, then the relative shape of the mag-
and phase characteristics of the network will remain unchanged. Thus this filter
has the property that its cutoff frequency can be readily shifted

The values of the network elements must be found by simultaneously equating
the coefficients of equations (2) and (3). The resulting set of equations is non-linear,
but solutions for the element values in terms of the constants a and H are easily found

set of solutions, together with other design information for the circuit is given
in the circuits section of the handbook as Circuit No.

The low pass circuit described above is sometimes modified to the configura-
tion shown in Fig. 4=5. If this figure and Fig. 4-4 are compared, it is easily seen that
the right terminal of the capacitor C{ has been moved from the output of the opera-
tional amplifier (which is also the output of the controlled source) to the junction of
the two resistors Ry and Ry, whose values determine the gain of the controlled source,
[f the magnitude of the impedance of the capacitor Cj is much larger than the values
of the resistors Ry and Ry, so that the capacitor does not load the resistor network,
then the voltage fransfer function for the circuit shown in Fig. 4~5 is
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1 Cz ,r .
O
Fig. 4-5, Operational Amplifier VCVS Low Pass Active Filter
E; KG,G,

= - - > @
1 s2C1Cy + s(CyGy + CyGy) + GGy

The above equation illustrates one advantage of this configuration; i.e. none of the
coefficients in the denominator are a function of K, the gain of the controlled source.
Thus K may be varied, changing the gain of the network, without changing the fre-
quency characteristics of the network. Such a change of gain may, of course, be ac-
complished by varying either R, or Ry, in Fig. 4-5. |t should be noted that this circuit
also has a disadvantage  Since there is no subtraction of terms in the coefficient of
the first degree term in the denominator of equation (4), it is not possible to realize
transfer functions of the type given in equation (2) in which the constant a has very
small values.

The frequency normalized voltage transfer function for a high pass network is

) Hs2

E=52+as+1 )

A realization for such a transfer function using a VCVS as the active element is shown

in Fig. 4-6. The voltage transfer function is

Eg Koty

2C1Cp + s(C) Gy + C2Gp + C2Gy - KC2Gy) + GGy

©
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The same comments that were made with respect to the low pass network also apply
here; namely, H is positive, and the pass band gain (in this case the high frequency
gain) is equal to the gain K of the VCVS and is not a function of the passive elements
of the network. Similarly, the cutoff frequency can be changed by changing the val~
ves of the resistors or the capacitors, and, if equal percentage changes of the elements
are made, the relative shape of the frequency characteristics of the network will remain
unchanged. A set of formulas for determining the values of the network elements, to-
gether with other design information, is given in the circuits section of the handbook
as Circuit No. 8.

In a manner similar to that which was done for the low pass network, the high
pass configuration shown in Fig. 4-6 may be modified to the configuration shown in

4-7, by moving the right terminal of the resistor labeled Gy from the output of the con-

Ry
AN'

Gy

O—0

+ Ez

2

trolled source to the junction of the two resistors Ry and Ry,. If the magnitude of the

—~

i N

.o
3

Fig, 4-7. Operational Amplifier VCVS High Pass Active Filter
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resistance of the element Gy is much larger than the values of the resistors Ry and Ry,
so that the gain-determining resistor network is not loaded, then the voltage transfer

function for the circuit shown in Fig. 4-7 is

E2 Ks2C1C2
E, s2C{Cy + s(C Gy + C2Gp) + GGy

@

Since none of the denominator coefficients in equation (7) are functions of K, the gain
of the controlled source, this gain may be varied, changing the gain of the network
without changing the frequency characteristics of the network  As in the low pass case
is not possible to realize a voltage transfer function of the type given in equation (5)
which the constant a has very small values
frequency normalized voltage transfer function for a band pass network is
E
_E%z 2 + ':: +1 ®
where H is a positive real constant and H/a is the gain in the pass band  There
several network configurations using a VCVS as the active element which may be used
to realize such a transfer function. One such configuration which has been found to

give good experimental results is shown in Fig. 4-8. The voltage transfer function in

G,

Fufhfir

Fig, 48, WLWY Bosad Fom Acsise Filbmt

terms of the elements is 9

E2 _ sKC1 Gy
F 2 Cy +s(C1G3+ CaGy + C2G2 + €1 Gy + C1Gp - KCyGy) + G3(Gy + G2)
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It should be noted that in the denominator, K, the gain of the controlled source, ap-
pears only in the coefficient of the first degree term. Thus, in high Q realizations,
we may adjust the real port of the pole locations by varying K without appreciably of-
fecting the resonant frequency. Since this adjustment may be made by varying the val-
ue of either of the resistors associated with the operational amplifier realization for

the VCVS (see Fig. 4-3), this is a very convenient means of adjusting the Q of the
network. From equation (9) we see that such adjustments will also change the overall
gain constant H, but this is usually a minor effect. The design information for this cir-

cuit is given in the circuits section of the handbook as Circuit No. 9

Other Realizations with Voltage-Controlled Voltage Sources

Up to this point, in this chapter we have described active RC circuit configu-
rations which have required a non-inverting VCVS. There are also many network con-
figurations which require the use of an inverting VCVS, e., one in which K, the gain
constant, is negative. Such a source may be produced by on operational amplifier and

the circuit shown in Fig. 4-9. Note

that in this circuit the non-inverting

terminal (terminal 2) of the operational

(]
+ ape .
Ey amplifier is grounded  If we apply the
O Q virtual ground concept to this circuit
Fig. 4-9. Inverting Operational Amplifier VCVS”® we see that E| = I]RO' Similarly,

o = 1y, and therefore E, = -l] be Thus we may write

Ez -Ry
5, 10

For large values of Ry, this circuit may be considered as an ideal VCVS with a value
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of K equal to =R, /Ry. Since the resistor Ry must be chosen large, this places a limit
on the maximum gain value that K may have, as well as on the frequency range over
which the circuit will effectively model the ideal VCVS. Actual values of Rq to be
used will necessarily depend on the impedance level of the rest of the circuit, but
values of the general order of 100 k ohms to 1 Megohm are not uncommon

An example of the use of an inverting VCVS to realize a low pass transfer

function as given in equation (2) is shown in Fig. 4-10. The voltage transfer function

Fig. 4-10. Inverting VCVS Low Pass Active Filter

for this network is )
Eo _ - K| GG
BI  #GG+sColG) + Gy + Gg * €165l + GGy + G + K[ Gy

To avoid misinterpretation, the negative sign associated with the constant K has been
written into the equation, and the gain is expressed as a magnitude. In a similar man-
ver the inverting VCVS may be used fo realize a high pass network function of the type

given in equation (5 The circuit is shown in Fig. 4-11. The voltage transfer function

C3

1

[R5

= Ca

O———it —o
; L *
Ey f.@ | Gy Ez
Figa #=11, |mearting VWS High Pom Agiive Fil =
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for this circuit is (12)

Ep - K} $2€4C,

E, 2Co(Cy + C3+[K|Cg) + s[CyGy + Gy(Cy + Cy +C T+ GGy

The gain K has been shown as a magnitude in the same manner that was done in equa-
tion (11). It is also theoretically possible to use the inverting VCVS to realize a band
pass transfer function However, the value of the gain that is required for the source
for even a moderately high value of Q is usually excessively high. Thus, such an ap-

plication is of only limited value.

Conclusions

The active RC circuits using controlled sources which have been described in
this chapter have several advantages and disadvantages when compared to the circuits
of the preceding chapters. First, a new and different variable appears in the transfer
function equations, namely K, the gain of the controlled source. In the infinite-gain
realizations given in Chapters 2 and 3, the network functions were almost completely
unaffected by changes in the gain. In the realizations of this chapter, however, not
only is there a strong dependence on the gain of the source, but this effect may actual-
ly be used to vary the properties of the network. Thus, the presence of the gain as a
variable is both an advantage and a disadvantage, and the potential user of these cir-
cuits must be aware of both.

The high and low pass networks that use the controlled source present another
new and useful characteristic; i.e., the pass band gain is independent of the element
values. This has considerable application for the case where the cutoff frequencies are
to be varied without changing the gain It should also be noted that the circuits pre-
sented in this chapter have the same low output impedance that the infinite-gain reali-
zations had. Thus, they may be used to drive other circuits without using isolating am-
plifier stages between them and the circuits that follow.
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CHAPTER 5

THE NIC IN ACTIVE RC CIRCUITS

In the first chapter of this handbook, the concept of an active device called
an NIC (negative-immittance converter) was introduced. It was pointed out that an
NIC could be used in connection with resistors and capacitors to realize a wide range
of network functions. In this chapter we shall explore some of the properties of this

device and see in detail how it can be used in active RC circuits.

The NIC (Negative-Immittance Converter)

Basically, the NIC is a two-port device which has the property that the im-
pedance seen at either of its ports is the negative of the impedance connected to the
sther port. This "negative® action can come about in either of two ways. As a first
way, the NIC con invert the direction of current flow with respect to that which would
normally occur in a passive network, without disturbing the relative polarity of the in-

put and output voltages. For example, consider a two-port network with a load imped-

ance Z as shown in Fig. 5-1- If a cur-

rent |5 flows out of port 2 as shown,

then we would expect that a current l] -

would flow into port 1 (assuming that the

Fig. 5-1. Two-Port Network With Load

output voltage E- and the input voltage Ey have the same polarity). If the two-port

device somehow inverts one of these currents, then we have the situation wherein the
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applicationof voltage Ejtoport 1causesa current to flow inadirection opposite to that
shown for I4; i.e., it opposesthe applied voltage, Inother words, the input impedance

isnegative. More formally, such adevice can be defined in termsof the two~port variables

|

1 2 A .

. shown in Fig. 5-2, and the equations
o=1"1=0
Ey Ep Ey = Ep
- 5 M
O— —0 1y, =Ki,

Fig. 5-2. The Port Variables for.a
Two-Port Network

These equations may be said to define an ideal current-inversion negative-immittance

converter or INIC for short. The constant K is usually referred to as the "gain" of the
INIC. In the next section we shall show that such a device con be easily realized by
a single differential-input operational amplifier.

Let us investigate some properties of the INIC. First of all, consider the case
where an impedance Z3 is connected across the terminals of port 2 as shown in Fig. 5-3.

The variables of port 2 are then constrained by the relation E3 = ~Zly. Substituting
i |

this relation into equations (1) we see that T 2
O + +
7 =E1__ 2 @ z z
INTT 77X IN B Ez 2
- .

Thus the input impedance at port 1 is
Fig. 5-3. INIC Input Circuit

1/K times the negative of the impedance connected across port 2. Thus we see that

the magnitude of this negative impedance may be easily varied by changing the gain

K of the INIC. Similarly, if an impedance Z is connected across port 1 of the INIC

as shown in Fig. 5-4, then the imped-

s
: —D onice II':"_H wgry af part & moy ke shown
Z E.' Ex zﬁl_.] I b
—0 £2

i y
E:.'.:-Ll'r 15 K&y (3
Fig. 5-4. INIC Output Circuit <

It should be noted that again a negative impedance is produced, but that in this case
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the gain constant K has the opposite effect to the one it had in equation (2). For the
case where K = 1, the INIC will theoretically give the same results in either direction
Practically, however, stability considerations based on the network configuration in
which the INIC is used usually do not permit interchanging ports 1 and 2 of the INIC,
even for the unity gain case  More will be said about this when discussing the realiza-
tion of the INIC

A second way in which the "negative" action of an NIC can be brought about
is by inverting the voltage while keeping the direction of current flow through the two-
port device unchanged In terms of the variables shown in Fig. 5-2, this type of NIC

is defined by the relations

Iy = -l
E] = _KE2

@

Such a device may be referred to as an ideal voltage-inversion negative-immittance

converter or VNIC for short. The constant K is called the "gain" of the VNIC.
Space does not permit developing some of the other properties of the NIC
such as power relationships, impedance transformations, etc  The reader who is inter-

ested in learning more about this device should consult the references listed in Appen-

dix A,

A Redlization for the INIC

An INIC (ideal-current~inversion negative immittance converter) may be real-
ized by using a differential-input operational amplifier as the active element. The cir-
cuit is shown in Fig. 5-5. We may analyze this circuit by means of the virtual ground
concept introduced in Chapter This concept tells us that the voltage between termi-

nals 1 and 2 of the operational amplifier is zero; thus we see that the voltages at the
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two ports of the overall network shown

in Fig. 5-5 are equal. Similarly, we
know that no current flows into either '::}— 1)
e lifiar inoly 1 and &, 5§ ) L
[~} an . inca

a B amplifisr rfermanoiy L ﬂ
the voltage across the two resistors Ry E, Ry

AAA,
and R2 must be the same, we see that '2
[1R) = IoRy; in other words, the ratio ) ; E,
of the currents at the two ports is deter- O _9
mined by the ratio of the resistors. We Fig. 5=5. Operational Amplifier Realization =

of the INIC
may write the above relationships as

B =B
R2 )

These are the same relations given in equations (1}, with K = R2/R] Thus we see that
the circuit shown in Fig. 5-5 has the properties of an INIC, and that the gain constant

K may be easily adjusted by changing the values of either of the resistors Ry or Ry.

Stability of the INIC

In the discussion given above, it was assumed that the voltage between ter-
minals 1 and 2 of the operational amplifier was zero  This assumption greatly simpli-
fied the analysis of the circuit. Actually, there will always be a small voltage present
between these terminals. In the INIC circuit this small voltage becomes a significant
factor in determining whether the circuit will be stable. To see this, consider the case
where a resistor R, is connected across port 1 of the INIC shown in Fig. 5-5, and ano-
ther resistor Ry, is connected across port 2. The circuit may be redrawn using the model

for the operational amplifier shown in Fig. 1-1 of Chapter 1. The result is shown in
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Fig. 5-6. The constant K shown in,

this figure represents the gain of the

? Ry K(E2 ~ Ey) f Ry, Ep operational amplifier (not the gain of

+

Ep

Fig. 5-6. Circuit Model of the Operational T

¢ ' Amplifier|N|Cpe I - be stable, the voltage Ep - Ey, even

the INIC). In order for this circuit to

though it is small, must never be positive. It if should go positive, the feedback pro-
vided by the resistor networks will drive the operational amplifier into saturation.

Therefore, the condition for stability is
12 B ©

The voltages Ej and E,, however, if the currents Iy and I3 are zero, may be expressed
in terms of the four resistors shown in Fig. 5-6. Thus the inequality given in equation

(6) may dlso be expressed as

R Ry,
— )
This may be reduced to
RGRy = RyR ®

For the case where R] and Ry are equal, corresponding with an INIC gain of unity, we

see that

is a necessary condition for stable operation of the INIC. To indicate this, it is custo-
mary fo refer to port 1 as the open-circuit-stable (OCS) port of this INIC realization,
and port 2 as the short-circuit stable (SCS) port. Similar restrictions may be developed

for the situation where the INIC is imbedded in networks containing capacitors as well
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as resistors, to ensure that the operational amplifier is not driven into saturation.

The Basic INIC Circuit

There are several methods that have been proposed whereby a voltage transfer
function may be realized by passive networks and an INIC. We shall discuss only one
of these here, some others may be found in the references listed in Appendix A. The
basic circuit configuration consists of two passive RC networks labeled A and B, and an

IMIC, omd 15 shown In Fig- 5=7. Firif ket wa consider the coiceds carmestian of ibe B

[tk
A

INIC

Fig. 5-7. Basic Voltage Transfer Circuit Using the INIC
network and the INIC, If we describe the properties of the B network by its y para-
meters, then the effect of the INIC is to invert the current at the output port of network
B and also multiply it by a constant. The y parameters of the cascaded connection of

the B network and the INIC may thus be shown to be

M~ Y1 Y12 = Y19p

10
y21 = =Kyqgp 22 = ~Kygy, (o)

where Y11br Y1267 ONd Yoo are the y parameters of the B network by itself, and K is
the gain of the INIC, Note that for the cascade connection, y1g is not equal to y,y,
as would be the case for a passive network. When the A network is connected in paral-

lel, its y parameters add to those given in equations (10), Thus, the y parameters for
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the overall network are

Y11 = Y11la * Y11b Y12 = Y124 * Y12b )

Y21 = Y120 = KY12p Y22 = ¥22a = Kyazp
Since the open-circuit voltage transfer function for an arbitrary network is simply the
ratio —y2]/y22, we may write the voltage transfer function of the basic circuit as

E2 120+ Kna2p

—= 12
By y22q - Ky2p (12)

In the references, some specific rules are developed for determining the parameters of
the component passive networks A and B in such a way that they can be realized by
passive RC networks for a given desired voltage transfer function. We shall not devel-
op these rules here. In the next section, however, we shall show the results of apply-
ing such developments to obtain the same three types of transfer functions that we real-

ized in earlier chapters.

Network Design

The basic circuit configuration described in the preceding section may be used
to obtain various networks. The first network that we shall consider here is the low
pass network having a frequency normalized voltage transfer function of the form

E_2 = 2_H____ (13)
E] sc+as+ 1
A network configuration which realizes this voltage transfer function is shown in Fig.
5-8. The elements C, and G3 form the A network of Fig. 5-7. For this network we

have the following y 5 and y,, parameters:
Y120 = ~C3

(14)
¥22qa = sC2 + G3
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AAA,
¢ o, C3
o— L o
E, Gz INIC _'_Cz Ep
O

Fig. 5-8. INIC Low Pass Active Filter

)

The elements C] , G] , and 62 shown in the figure form network B. This network has
the y parameters

-sC1Gy
Y12b T &F G

(15)
_sCi(G) + G) + G162
Y22b = <1 + G

Substituting the expressions from equations (14) and (15) into equation (12), and rear~

ranging terms, we find that the voltage transfer for the circuit shown in Fig. 5-8 is

16
E2 SC](G3 - KG]) + G]G3 ( )

E © 2C1Cy + s[C26 - KC;Gg + C1(G3 - KG)] + G(G3 - KGyp)

If we constrain the elements of this network so that G3 equals KGy, then equation (16)

reduces to

£ G1G3
E]  s2C)C2 + s(C2Gy - KC1Gp) + G1(G3 - KG)

(7)

If we compare this equation with equation (13) we see that the constant H is positive;

e., no signal inversion is provided by this circuit. Equations relating the values of
the network elements to the constants a and H of equation (13) have been tabulated
and, together with other design information on this circuit, they are presented in the
circuits section of this handbook as Circuit No. 10

In a similar fashion we may use passive RC networks and an INIC to realize a
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high pass network. Such a network will have a voltage transfer function of the form

52 s2H 8
-E-;_52+cxs+l (18)

A network configuration which realizes this function is shown in Fig. 5-9. The ele-

C

2
i
IR)
< <
O———w—]
Ey INIC
O

Fig. 5-9. INIC High Pass Active Filter

ments Co and Gy shown in this figure constitute network A of Fig. 5-7. The y para-
meters for this network are
Y120 = ~5C2
° (19)
Y92a = sCy + Gy
The elements C and Gy constitute network B. lts y parameters are
sC, G
1
‘ (20)

Y22b = V12b T iCy + G

If we substitute the expressions from equations (19) and (20) into equation (12), after
rearranging terms, we find that the voltage transfer function for the overall network is

B s2C1Cp + sG1(C2 - KCy) -

E2
E;  2C1Cp + s[C1Gy + G1(Cp - KCP] + GGy

If we constrain the elements of this network so that Cy equals KCy, then equation (21)

reduces fo
Ep $2C1Cy 22
E e + s G2 + G162
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We see that the constant H of equation (18) is positive. The design information for
this circuit is given in the circuits section of the handbook as Circuit No. 11

As a final example of circuit design using an INIC, consider the band pass
network with a frequency normalized voltage transfer function of the form

Ej -sH
E_]_ 2+ os + 1

A circuit which realizes this function is shown in Fig. 5-10. The elements Co and Gy

< G 3
E, INIC =

3 202 E
5 1 :

Fig. 5-10. INIC Band Pass Active Filter

comprise network A of Fig. 5-7. The y parameters are

Y12q = 0

¥22a =5C3 + G

The elements C; and G, comprise network B. ltsy parameters are
= - = 25)
Y226 = V126 T C g, (
The overall voltage transfer function for the circuit may be found by inserting the rela-

tions of (24) and (25) into equation (12)  After rearranging terms we obtain

E] - 52C1C2 + S(C]G2 + C2Gy - KC1Gy) + G1Go

Note that the constant H of equation (23) is positive for this circuit, and that the cir-
cuit provides a signal inversion.

The voltage transfer function given in equation (26) points out some of the
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interesting properties that the INIC realization of the band pass network possesses. In
the denominator, it should be noted that the INIC gain constant appears only in the
coefficient of the first degree term, Thus, in high Q realizations, it is possible to ad-
just the real part of the pole positions, i.e., the Q of the circuit, without significantly
changing the magnitude of the pole positions, i.e., without significantly changing the
resonant frequency. At a given frequency, therefore, we can control the bandwidth of
the network by changing the gain of the INIC, i.e., by varying the values of either

of the resistors associated with the operational amplifier INIC realization. A second
interesting feature of this network is that by choosing a non-unity INIC gain constant,
it is possible to design the network so that bofh resistive elements have the same value,
and both capacitive elements have the same value. Thus, the problem of obtaining
accurately specified passive element values is considerably minimized. Finally, if both
resistors have the same value and are varied the same amount, the resonant frequency
of the network is changed, although the Q of the network remains invariant. The same
is true if the values of the capacitors are changed in the indicated manner. Thus we
have a circuit where a single resistor may be changed to vary the bandwidth, and a
pair of resistors may be changed to vary the resonant frequency, and the two effects do
not interact. The design equations and other information for this circuit are given in

the circuits section of the handbook as Circuit No. 12,

Conclusions

In this chapter, an entirely new "breed” of circuits has been presented,
namely, circuits which use an INIC as the active element, The INIC can, of course,
also be used to produce single negative-valued elements which in turn can be used to
compensate for dissipation, to reduce input capacitance, etc. We have used the INIC

as an integral portion of circuits realizing low pass, high pass, and band pass voltage
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transfer functions. The band pass circuit is an especially attractive one because of the
minimum number of elements used, the fact that all elements of a given kind have the
same value, and the ease with which the Q and the resonant frequency of the network
may be adjusted

It should be noted that all the circuits given in this chapter share a common
disadvantage; namely, their output impedance is not zero  Therefore, if such networks
are cascaded, suitable isolating stages must be used to separate them. The advantage
of ease of adjustment provided by some of these networks must therefore be weighed
against the disadvantage of the requirement for the extra circuitry involved in isolating
the filtering stages. A more detailed comparison of the advantages and disadvantages
of the various realization schemes that have been presented in Chapters 2 through 5 is

given in Chapter 7.
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CHAPTER 6

ANOTHER ACTIVE DEVICE THE GYRATOR

In addition to the active elements which have been introduced in the preced-
ing chapters, there is another one that deserves mention. It is called a gyrator. In
this chapter we shall give a short introduction to the properties and potential uses of

this element

Definition of a Gyrator

A gyrator is a non-reciprocal two-port device defined by the equations
|'| = GE2
M
|2 = 'GE]
This two-port device is usually considered to have a common ground, and, in this case,

the gyrator is represented by the symbol shown in Fig. 6=1 The constant G is called

the gyration conductance. The refer- h 2

——

ence arrow drawn inside the circle in

the figure indicates that the gyration

action from terminal 1 fo terminal 2

ction from termi i O {1 O
with terminal 3 common (as shown), is Figs 8=, Grproiar Spnial
the same as that which would occur from terminal 2 to terminal 3 if terminal 1 was used
as the common terminal  Similarly, it is the same as that which would occur from ter-

minal 3 to terminal 1 if terminal 2 was used as the common terminal. We shall see what
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this gyration action consists of in the paragraphs that follow,

Properties of the Gyrator

From equations (1) we see that the y parameters of a gyrator are

yin=20 y12=6G
@
yo1= -G y22=0
If we calculate the input admittance Y|) of a two-port network, defined by its y para-
meters, when an admittance Y2 is connected across the terminals of port 2, as shown in
Fig. 6-2 we obtain

y12Y21

Y =
INTY
1" ya2 +Yy

®)

For the case where the two-port is a gy~
D rator we may substitute the y parameters

¥y
IN ' Y2 from equations (2) into the expression in

O equation (3). Thus we obtain

Figs 6=2. The Input Admittance of a
Terminated Two-Port Network Y| N = G2/Y2 (4)

This is the input admittance of a gyrator terminated in an admittance Yq. Equation (4)
tells us that if Yo is a capacitor, then, at port 1 of the gyrator we see a two-terminal
behavior exactly paralleling that of an inductor. In other words, a gyrator can be used
to "gyrate” a capacitor into an inductor. Thus, with resistors, capacitors, and gyrators,
we can achieve any network realization which can be achieved with resistors, capaci~
tors, and inductors. If we can obtain a gyrator with a small value of G, then we can
gyrate very small capacitors into very large inductors, a most useful feat.

One other property of the gyrator may be of interest, This concerns the power
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relationships at the terminals of the gyrator, For any two-port device, the total instan-

taneous power consumed by the device is

p(t) = eq(t)i () +ep(t)in(t) ®)

Substituting relations equivalent to those given in equation (1), but in terms of func-

tions of time, into the above equation, we see that

plt) = &1 (1)iy(t) - e1(1)iy(t) = O ()

Thus we see that the gyrator neither adds energy to the circuit in which it is used, nor
consumes it, As such, its terminal properties are those of a lossless passive network
component, We shall see, however, that its realization inevitably requires the use of

active elements.

A Gyrator Realization

There are several ways of realizing a gyrator. One of the methods uses two

INICs. Consider the circuit shown in Fig. 6=3. It is easily shown that this circuit has

G G
Oo— —AAA, A O

MG
IMIC G
| K=

KE=I]

Fig. 6-3. Gyrator Realization Using Two INIC's,

the y parameters given in equation (2), and thus functions as a gyrator. The values of
the resisters (in mhos) shown in the figure determine the value of the gyration conduct-

ance. References to some other methods for realizing gyrators are given in Appendix A,
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Circuit Realizations

There are considerably fewer results available in the literature regarding the
use of gyrators and RC circuits for the realization of transfer functions than there are
for any of the other classes of networks that have been discussed in this handbook.
Since the state of the art is relatively new, and since the active elements are consi-
derably more complicated than any which have been discussed in the previous chapters,
we shall not present general circuits for the realization of low pass, high pass and band
pass circuits as was done in those chapters. To give an example of one form that such

realizations may take, however, consider the circuit shown in Fig. 6-4.

1f
o—ii 0 0

i L

E'l 0.1 mha - 11 g':l.|rnr|;| Ei

° 2

&'s in mhed, C's in forods

Fig. 64, Gyrator Band Pass Active Filter

The voltage transfer function for this circuit is

Es _ s
E} s2+0.2 +1,00 9

Thus, the circuit realizes a band pass voltage transfer function,

Conclusions

Due to the complicated nature of the realizations for the gyrator, this network
element has not achieved a wide usage at this time. in addition to the disadvantage of
complexity, realizations which use it as the active element have two other disadvan-

tages in that their output impedance will not be zero, and they will be capable only of
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the gain that a passive RLC circuit is capable of. Despite these disadvantages, the gy-
rator also has some potential advantages. First, its lossless nature provides a theoreti-
cal bar to circuit instability, since if no power is being supplied to the circuit, insta-
bility cannot occur. Second, since capacitors in general have a higher quality factor
(lower dissipation) than inductors, gyration of a capacitor may produce a better induc-
tor than those which are readily available. Finally, the possibility of using a gyrator
for impedance multiplication implies the ability to realize very low frequency circuits

without the need of relatively large-valued reactive elements,
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CHAPTER 7

A SUMMARY

In Chapters 2 through 5 of this handbook four different active RC synthesis
techniques were presented. These were the infinite-gain single-feedback technique,
the infinite-gain multiple-feedback technique, a technique using controlled sources,
and a technique using negative-immittance converters. The various methods were all
applied to the realization of low pass, high pass, and band pass voltage transfer func~
tions. At this point the reader may well ask, "If | want to realize a low pass function
(or a high pass or a band pass one) which of the methods is best?" The answer to the
question, of course, depends on how the word "best" is defined If "best" means few-
est elements, then the infinite-gain single feedback technique is certainly eliminated,
If the network is to be cascaded with other networks, then the NIC approach is proba-
bly not a good one. Thus, the answer to such a question depends on the details of the
application, which will vary considerably from one situation to another.

The purpose of this handbook has been to give the prospective user several
lifferent techniques for each of the filter realizations, in order to permit him flexibility
in selecting the technique that mare nearly meets his specific application. To provide
a further guide to such a choice, some of the advantages and disadvantages of the var-
ious realization techniques are summarized in Table I. A study of this table will pro-

‘ide a good review of the material which has gone before.
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Table

Summary of the Advantages and Disadvantages
of the Various Realization Techniques

Eealizgotian Technique
Property Irfind Fae= Iafisibe= Cantrall sd Megotive-
Galn Gain Soamrce lmmittance
Lingle= Multiple= Corverier
Feadback Fesdbock
Minimal number of . " + +
nefwork | ements
Emae of adjustment a
of chorocteristics “ = N
Srabil ity of i 1 - .
characterizticy
Lioews Dt @ i i ok
impadance
Fresance of * o o o
wumming irpul
F:-||;|ri'-'-|-]r |'||'u|'| gain " _ - +
wwallable
Lo wpraod af + 1 + 4
glement valuas
High=1G reolizorions + - & +
posaible

+ Indlcotes the realizotion is sperior for the indicated praperty
0 Imdicotes the realizotion in sveroge for the indicated praperty

- Indicotes the realizatian is inferier for the indicaled praperty
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This concludes our introduction to the wonderful world of active RC networks,
a world without inductors. |t is hoped that the reader will find the techniques which
have been presented in this handbook useful, and that he will be able to apply them to
his own filtering problems. Needless to say, the Applications Engineering Section of
Burr-Brown would welcome any questions or comments that the reader might have on the
material of this booklet or on any other operational amplifier application, Feel free to

call us at any time.
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SECTION i

CIRCUIT COLLECTION

A search of literature in the field and Burr-Brown's seven-
year collection of application notes turned up the circuits presented
in this section. They have been grouped by general function and
ordered within each group by increasing complexity. It is our hope
that one of these will trigger the idea that develops into your circuit.

Please do not interpret any one circuit as our recommendation
for your requirement. Some of them, due to their simplicity or
specialized nature, may perform only over limited ranges and under
controlled conditions. We would welcome the opportunity to suggest

a specific circuit for you, given the details of your application.
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VOLTAGE DETECTORS AND COMPARATORS

Inputs are of two types. The reference and input voltages may be con-
nected to separate input terminals in which case E,ef is the actual threshold voltage
and cannot exceed the common mode input voltage limit for the operational ampli-
fier. The reference and input both may be connected through input resistors to the
inverting input allowing Ei¢f fo be any convenient voltage opposite in polarity to
the signal voltage. Threshold voltage is set by scaling the input resistors.

Outputs may be saturation limited or may be clamped to the desired
value.

In all cases, the input must swing past the threshold voltage by an amount
equal to the output voltage divided by the open loop gain of the operational

amplifier.
Saturation-Saturation ~ simple, but relatively slow response.
Eo = + saturation (+10v), E| < B

Eo = - saturation (-10v), E; > E; |
Et = Ethreshold = Eref Eref C—@_'\m:; 300915

E} and E.of may be reversed to change

O
polarity of output g

E, = + saturation, Ej < 1.5v

Eo = - saturation, Ej > 1.5v

B = - Eop )= + 1.5

Single-Swing - simple output clamping

E, = + saturation, Ejp < 1.5v
Ey= 0, E| > 1.5v et L

Reversing diode gives 0, - saturation

oufput
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Hysteresis - output stability or decrease in sensitivity.

A

m
f

+ saturation, E| < Eref -

m
il

- saturation, E| > Eof+ A

o
3
|||-|::|

Potentiometer or fixed resistors may be used.

Half Swing - single output clamping.

E, = + saturation, < .5
E,= -5, f>1.5
-E R

Clamped output = b _ -5 volts
Ra

Reversing diode and E polarity

give +5, - saturation swing

Voltage Comparator - fully clamped.

E,= - 10, £ > 1.5

E,=3, E<1.5
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BUFFERS AND ISOLATION AMPLIFIERS
The standard inverting and non-inverting amplifier circuits provide impedance

isolation due to their inherently low equivalent output impedance. The following

circuits are designed principally for isolation and not for providing gain.

Voltage Follower - precision voltage source isolation, maximum common mode
voltages must be limited to specified values.

sl

I15v

(]

C—@—_goae I5v o 11
; =
o Model DC Gain  Zj, @ 1 volt

[T

3003/15 0.99999 > 50 Meg .

1552/15  0.9999 >1011 ohms

Inverting Buffer - adjustable gain.
E =-E

o | )
Z, =10K H R, Ry

n n K100 [
Z = ln Ao, s

out

) . , £, el iy G P!

Potentiometer in feedback allows gain | % (i}
trimming to compensate for tolerance in & I'._‘_.-"'.'I-.'rl,:u'-:- Es
resistor values (30Mc with 1560/25 and |
1 Kohm external resistors), o )

l”—‘.

Balanced Qutput - for driving balanced loads or push-pull stages when ground
reference is critical.

~F

Ry L
n) ] [
‘, E'= EI
= _El
| —{)E! E =E-E'=-2E
T L] '@-" -4 s °
g

B, fy
Ey (-t ste

=,
& W "l 1 K
Aau o

By using E' terminal at the reference, a p-p swing of 4El is obtainable at E, i.e. a

usable swing of 40 volts P-P with a 15 volt power supply.
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Differential Output ~ similar to above but provided in a single module.

O
E4
Q Eq = fo (g -E
X 4 2R|(| 2)
Es
-O

High Input Impedance - DC - Z;, falls with frequency giving equivalent shunt input
capacitance,

Moclel Zin D—n—(‘*’g l .
3003/15 > 1000 Meg -, 10pf E"-"‘h f ’ﬁm“i I "'l
| |

e i ] 9

High Input Impedance - AC ~ same as above with input and by-pass capacitors to
give improved high frequency operation.

C
tuf

R,:-

ZOOK e 3003/15 Bv
-l .
A —% i
R, C, f e
aooxg 1000 uf | 0.
= O

Wide Band - high speed. 30Mc response at unity gain.

A " N
=,
& I'::ﬂ?ﬁ)—@—\’:-

Ll
]
2



49
VOLTAGE AND CURRENT REFERENCES

The high input impedance and low output impedance levels which can be
obtained with the precision and stability of operational amplifier circuitry make
reference supplies practical. Some circuits are merely reference cells or zener
diodes with isolator and multiplying circuits added. Others use the "bootstrap"
technique to raise the impedance level seen by the reference to theoretical values
approaching infinity.

Isolated Standard Cell - Prevent damage to standard cells induced by drawing
current from them with low

®j impedance (20K /volt) mea-
15V suring devices. See section

2003/8 on‘Buffers and Isolators for
= 15v gain error. Offset adjust-
CSETLDL . Eref ments should not be made
E ref T 9 with standard cell connected

Constant Current Generator - convenient current reference up to 20ma.

L'
| - D :
'F:? L] 20ma
15 = *.-'l 0
B e T Bmatem) 0K

Saharaticn Woltoge o I
B Tima

L &, |
Buffer Woriakion = Low curment Prevatignle '-"n"lugg Source — Gives wide
drlfr af :."-lq.'l‘.'ltl vkl lzed L= L vy ahable rafararca woltage
amplifiers improves stobiliny Ry
and cEll protecticn, Dezyse fon
| Sia ;
R, Cafl E oy
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Reference Voltage Supply - Positive and negative output with very high input

impedance.
R4
%E.)K
Rs R.
IOK IOOK IOK 10K
Eref Ceu
|3003/|5 3003/15 -0
+E°
‘E‘o
L
Ro
Eo =-RT Eref =10 Eref Add 1520/15 for 100ma output.
Ry= R - R, for "infinite input impedance." Should be trimmed for best results.

INTEGRATORS
Simple integrator circuits operate successfully but current offset is stored in

the feedback capacitor causing output voltage error. This is corrected with low

drift chopper stabilized amplifier and/or current biasing networks.

Simple Integrators -

E,d
E ——S—r—-lojEdt

o]

Close switches to reset to zero.

R, g
(el | g
v -1
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Model Eo max.
1543/15 £20v
1552/15 £10v
-
Ca
I uf

L

This circuit reduces current offset in operational amplifiers without
"Bal" controls. With zero input and switch open, set R3 for zero

output drift,

Regeneration -~ may be used to increase open foop DC gain to infinity.

(1} ‘With inpul cpen ond regenention contral B, in appracimets centar af it
range, open resed wwitch ond adjuf zere contrdl, Rge unil outpet remains af

EBErD.

{2] {}FIIH ramii b l“'“"Fl‘p shot inpus
and adjust 300515 irdermal " BAL"

candral for zena drift.

1) Agply on input signal of sither
palarity end al law infegrator fo mun
up to some volfoge beFesen 210y
BE, then apen cimuit signal fapst,

(4} If infegrofor culput decays oward
zere, Inersqm regenenation by
imcreosing B . I cutpub continues
ta grew, decreose regenaratian,

{31 If setting of regermration contral
ls albered, repeat stepd (1) and 2}

T

RESENLRATION Ry
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Summing Integrator - one amplifier replaces separate summer and integrator circuits.

_ -1
R Co B, =gc SE +Ep+ Byt
. 100K | uf '
! R v T P
LY 10§(E, + E, + E5)

E; A
R, H Any number of inputs may be used.
100K 1552/15 4—C0

E - A

Zero control and regeneration may be

O 9 added as in the above circuit,

Double Integrator - integrates twice with one amplifier.

i R, Ca I'::u
i i 0.2, of
s J-.'b' . 7
C = Cl R = RI ||:|-.r é'rd
o 2 o 2 =
E, (D] A7 e

E, = —(R]_C4|)25 Eqdt = -4555,«

o o Q

Differential Integrator - integrates difference between two signals.

- -] _
EO—EES(EI E,)dt

=loj(E2-E|)df
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AC Integrator - integrates AC component only,

P -1
1 = P
3 E, Re S E,dt = ~1000 5 Edt

1 {_

Augmenting Integrator - sums the input signal and its time integral.,

-R E R, Rg Co
o | 1 |OK 100K 10 mf
= - —— O— " W—F
Eo R CR SEldt 1
1 ol
E, A—0
-10E, -SEldr Eo
G : O

DIFFERENTIATORS

The ideal differentiator circuit is not generally usable in its simple form.
It is susceptible to high frequency noise which may be greater than the derivative

output. Design should include high frequency response limiting.

With "Stop" - input resistor sets high frequency cutoff,

R, C B

A Diuf oK
i ol - dE
Y

high frequemey _ 1 low frequency . _ 1 _
rubaff o i-rr'HEEI B -Gke cutoff F| VI R C, = 1écps
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Low Noise - double high frequency cutoff

Co

O.000T
e

"o RC, =R C
([r o]t 171 "o7o
Lok

- i drift compensating resistor
'..|}—-' .

-

1] =]

Augmented Differentiator = sums input and its derivative

R E dE i s
- [ NPT CEIE,
E-_ol _ge o —
o R, ol dr 5,
D0 H

dE E, R
E =-F - 1 |
° | ~ 700 dr

DC AMPLIFIERS

There are two basic circuits, inverting and non=inverting, plus the differ-
ential output form. For a fixed or specific minimum gain application, bandwidth
may be increased by a simple modification of the operational amplifier. (See Phase

Compensation.)

Simple Inverting - sign changing amplifier

-R
A, Ag E =-R—° E, = ~100E,
1K K ° |
C—n A
ll v
; J‘} < .E__:[5 tor =2 1
= . resisfor = R|+R° =

. .
T' - WG
Ea
r

M
N
3

i
=~

n

=~



55
Chopper Stabilized - improved drift and stability.

&, A
1K [y 8
’ "
i A @' | _— E_ = -100E,
s ==-
5 i
Simple Gain Control - wide range or attenuation.
Ry
ik
O =

Unity gain with R centered and increases

to left,
Gain not linear with R setting. E,
Zin drops as gain is increased.

BO00ASE

o

Linear Gain Control

=

1%

0
+O &

lll-U ol

Variable from 0 to 10
E_=0to -10E,

z =R|=10K

in

Slmpla Morelresrting - input comman made velioge limit must be dhserved,

B +R
=] |
1

En-_ﬁ_ E‘ = WEI

7 550 Megohme

n

Fy
B0
o

£ <1 ohm
out

Goin cantrals endfor krimming moy be sceosplithed o3 in the vorictiors on the

inverting anplifier ahave.
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Power Booster = output current of any of the above circuits may be increased by the
addition of a power booster, The operational amplifier-booster combination is sub-
stituted directly for the original operational amplifier.

Ftl
L]
o ) Model Qutput
F 3016/25 £ 10v @ 200ma
1
Ch

Differential Output - for driving floating load.

Gain Control - equivalent to replacing both resistors in the non-inverting amplifier

Ey a slng|e potentiometer,

Eo = (1 to infinity) EI

Z.n = 50Meg

Observe common mode voltage limit,

Inverting Gain Control - convenient gain technique

A,
e

Eo = (-1 to - infinity) El E,

Z, =10K
in
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Buffer - 10'! input impedance circuit,

R°+RI
£, =~ £ 106 i,
]
B oL i
Fl.l
" ”_f/@ &—C
253 AR e
@— 4

L l_“:

]

"

DIFFERENTIAL AMPLIFIERS

In differential amplifiers, separate input signals are applied to the differ-
ential inputs of the operational amplifier. The result is direct subtraction in con-

trast to the summing amplifier which adds algebraically.

Subtractor - direct subtraction of two inputs.

R, Fa E =E, -E

1o ik o 2
|:-: A I AP,
E;
3 .'":. n{l"-l.\_\_h
-}J_ e i

= L’,f:ﬁ:-:ﬁw:
a2 1 =a

_Ro
EO =W (El -E

2) = 100(E2 - EI)
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Common Mode Rejection ~ subtraction by inverting and summing to eliminate
common mode voltage.

A, R
HOE IDOK
E, ) : e , R

= o - = -
EO—W(EI E,)=10(E,-E))

RatRy=h,
. .
122 K R, =~ common mode adjustment
£ e set for Zero output when

E, = E,.

R
[o]
E, ® (E,-E)=10(E, - E)

Input may be floating source.
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SUMMING AND AVERAGING AMPLIFIERS

Voltages are summed by applying the signals to the same input of the
amplifier. Amplifying, averaging, etc., may be accomplished by input resistor
scaling. Inputs are effectively isolated from each other. Any number of inputs

may be used in each of these circuits.

Adder - output is inverted algebraic sum of inputs.

E°=- (E|+E +E3)

Zi = 10K for each
input

Scaling Adder - each input is multiplied by a constant before summing-inverting

output.
R R R
E —-(—E +T2'E2+_E3) .n'
Ry R3 iK
E D—rn
H
=- (100El + 10E, + E3) £, Cr oK " ,_m

A
iy |
Zin=lKForEI £, (O— I-'"'“ ~

.-’-[I" i
= 10K for E2 - I\_'__,--"-.

Ea
= 100K for E

3 — — 0
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Direct Addition - non-inverting output.

A Ry
ok 20, E =E +E
gt e ° I3 2
A, Zin =-2-R2 = 15K for each input
& O— i: — ~Soounst R, = 2R,
o ar Ea
Ex nre e
5 ]

Adder Subtractor or Floating Input Combiner ~ as an adder-subtracter, unused inputs
should be grounded.

-E,+E,+E

B, =B -Ey+E3+Ey

R and RI not necessarily equal

Two or more "floating" inputs may be
combined by connecting them across

E3 to EI and E4 to E2.,

Averager - output is inverted average of input signals. Ground unused inputs to
preserve scale,

-R El+ E2+ E3

= o = -
EO "R (E|+E2+E3) —

Ro = RI divided by number of inputs
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Weighted Average - each input is multiplied by aweighting factor before averaging.

5
iE) l-_‘::. For EI = E2 = E3, set Ro 50 Eo = EI
Then, R° + Ro = RI I R2l| R3

=], "a |
. AR |
_-? i w d'\-\.p-'\-\_-\-- . -y .;
- o | - ' ' '
E, .}__'f.:_f'_ N 'h“'“*x K E - (R°+ Ro)EI i (R°+ RQ)E2 _(Ro+ RO)E3
f_,‘:—-,‘_:-—-“_: o R, R, R3
@—_~oowac E.
r S -(16.4E, + 8.2E, + 5.4E,)
¥ 4 30
AC AMPLIFIERS

DC Amplifiers with Blocking Capacitors

.
AC operational amplifier circuits will amplify low frequency signals which
are below the range of more conventional amplifiers (0.1cps to 20cps) while DC
blocking still is present. High-gain open loop operation is practical. Only a
single ended supply is required in one circuit. DC and AC operational amplifier

circuits are equivalent at higher frequencies.

Simple Amplifier - simple RC roll off at low frequency.

-

o ¢ R R
E, = - o £ =10 Iuf 10K 100K

Low frequency rolloff begins & |
E) 4 —0

1 : 15v
_ _ 3009/15C _E_{
RC 16¢cps ‘4-'| Eo s sy

|

Q
HO

Z, = 10K
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Single Supply - equivalent to above with the supply "floated” above ground.

(= 1 A,
LIT N T 100H,
| el e

Cp = AC bypass

High Gain - AC open loop operation

Low frequency rolloff beginsat 1Kc

Ry
X, * R o
(where )l( © = open loop gain) c
Cj o = T
] —
5 Lt %II:II:-I
i

__.n"lj

"Mon=Inverting” - E‘:| in phase with E

Low frequency rolloff begins

_ 1

T ZWRC,

=0.16cps
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Double Rolloff - similar to above.

CR = CoRy

"bootstrapped" input increases Zi

Z.n = 10Meg maximum

AC Preamplifier -~ completely developed AC amplifier with high Z. and double
rolloff rate and gain trim. n
R,
Eo _ Ro * Rl _ ey
T f— =500 - rE
! I Ol = Ly
g o, Kl
R, - Fine gain adjust lu
4 o K— A0 %
Low frequency rolloff begins ] s
1 £ 100k 27K En
“zwRe, -éeps R, 3 Ae
=1 200 0K
RC, =R,C Q== ¥
-1 22 =

CURRENT OUTPUT DEVICES

These amplifiers will supply output current to a load in linear correspondence

to the input voltage.

Feedback Loop
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Simple Meter Amplifier - linear current meter reads AC input voltage.

£

Imefer = QE- = 30 ma

E)
' = T Ry
meter R4 R5 -
0.9E &
.m(average) P (rms) 1 Ty
4 5 O K
R5 - gain control, calibrate
=
Curmernt Injecior = single terminal comeni svallable o ground
R | | 5t = EI L] 4
- Hy A L -—"—
Ay e, . S "
. -.I iy
o Uy | I M.
i i [onsi—d R L
— '."_lll W, &
Y - % W
S Sbamrve common mode waltoge | s
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Linear Current Source

i — Fa ol M Ry
o ook 1ox KK Ll
= o
R,
JL - i M"\.\_' (L IR
E; :}_@ _ - AP
AR 1A ety ) :H'H
= | l
Ry 1 ma
When RL<< R2, i =—E =Solf Changs 13 far current s=allng
E

Co added for high frequency stability

|
E L /%
1E 1mafvalt
1 060 1 Dﬂ'lu_,l"v:ﬂ 1
14 130mowalt

Deflection Coil Driver - load must be “floating, " i.e. ungrounded.

[t e T
R = -100ma/volt i / I

OSCILLATORS AND MULTIVIBRATORS

Oscillators give a continuous sine wave output. Multivibrator output it

fixed voltage level or square wave similar to flip-flop output.

Simple Oscillator - double integrator circuit with regenerative feedback.

W 8O

- 1
f'ﬁﬂk_c

Components R, C, and 2C should be
very low tolerance

Trim R/2 until oscillation is barely

sustained
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Wien Bridge Oscillator - high purity sine wave generation.

H =
;

:. 4
.-.,?*'gs

Axtoble Mulilvilbralar = "{rlr-n.tmng"
Tip-flop oction moy be locked in o
wema axlimal iy dignal o laft free.

Eo

Frequency set by Co and R2

100 - 6,000cps

<

Blstable Multivibrsios = flip=flop ar
memary device for AL or frigger
pulse Imput .,

L

L qu
o
A 3015
g, In 'T_V’

' Ea

s Fin
00 L

y

IO

R2 - triggering level

Monostable Muitivibrator - astable multivibrator with diode to prevent triggering in
reverse direction or reset action. Use Model 3018/15 with

10K 100K

R, R, phase compensation removed.

Y &

R4 - output duration
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PHASE LEAD AND LAG NETWORKS

These networks are used to stabilize servo systems by introducing phase
shift as desired. Transient and steady state responses may be tailored semi-

independently.

Log Element - integrating type phase lag.

R, Ro
10K 10K
O—A— R E
\ So E =2 !
1 o Rl 1T+RCP
i o o
E, -10 EI
tov =10+
I5v
O
Adjustable Lag - non-integrating type.
. . . . R R
Constant inverting unity gain OE Cal,]
) C o ——
Maximum lag for R, centered for A = r '{'“""
: 7 gk
where 0 < A £ 1 s the lag setting. £ |
| AWFRAALE [
-E| -40E
E = = | (o
o TH(&-A2RCF 0P ?
Lag value linear with R setting
Non-inverting low distortion
1'::.
Ot . For = maximum
EI -| 0l n 0
0 o : EI 1 EI

o T¥ARCP TO+P

d .
P = operator, Jr oriw
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Adjustable Lead - putting input network from adjustable lag circuit in feedback
path gives lead element.

[ R
oK s
Cr o

L

-i. .¢
IJ
i = 2
oo B~ -[(a-afmcrE
En

9

Lead-Lag = composite lead and log networks.

1+ (AI -A|2) RC,P

2
o
1+ (A2 -8, ) RC2P
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Time Delay - unity gain phase or time shift,

BEC  OAC
'_
B
R 28 B 1 E,
& L] & 7 —» RC M
) — A e L e
4]
1E:J- 160 AN
E —0 —HlIRC

O
N

ADDITIONAL CIRCUITS

The following are various circuits which do not fall into one of the cate-
e
gories of the previous sections. !

Abaolirte Volue - Full woree rectification

A A +El follower circuit
(4] Lo} . L,
P g 1 -EI inverter circuit
l E =IE]
L T - 15v ~
L Reverse diodes to give
- '|- 15V
O ':;:' S5 Eo - -IEI[
Null Detector - wide sensitivity range.
R R
. . . 4
Non-linear refls'rance, R » increases as g ,':" [TEan)
E, decreases giving maximum gain near
EI = 0 for precise null indication.
E
Thyrite varistor GE 839683961 ' Rt 50

m
2

|
I-C
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Peak Follower - peak value memory. Use low leakage capacitor,

E = E, maximum
o |

Common mode input voltage must
be observed.

Precision Rectifier ~ half wave with amplification if desired. Placing rectifiers in
feedback loop decreases non-linearity to very small value.
Ay
2 M
-R ) L& A
-_9© .
E° peak —TI EI peak = 5EI peak

r 56 P—“’A

Ee m\j A
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Go - No Go - amplitude discriminator

Ry
200K Chatpaat is normally #5
E2eC> -5 volir ond will drive
,115: to =5 walts whenever
Lo Ry Ej in within soms de-
slred range of Bz,
N - -
£y

- i 24E

I 1 T
w
ﬂ fidh s -
g;_?.&-, Hi =yt
Py
P 1 E ;i
'i:g—_!__ ::- 12”1 1=
o H
Rate Limiter
) B
Eq

Rate limit = __"'mp']_:"____= 7.5v/sec



Time Delay - time operated relay.

Selective Amplifier - Twin T feedback.

B0 +

0 +

0 =

AT T
-3 4+

Frequency peak =T1I'R'—C = 1000cps
aa

Set C, so that C,R

>2C R and R, < 100K
| " aa

Z, =R =10K
in |

72

Where K is sefting of
RI' 0< K«

Open switch to reset,
close to being timing.

A R
L] A3k
O3 ~h )

-

Gain at peak 2 -RB = 33 = 30db
]

Z < 200 ohms
out
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Full Wave Rectifier - precision absolute value circuit.
HAALIRALMARA AL

R, Ro
2K 2K
" “ify
Ry Ry R,
1K 1K
O- '3/'\(», AAMA * ANA——
0, | I
@) 11560/25 4
& © g
R6 T
1K Eo
e

o
]

i



APPENDIX A

REFERENCES

The literature has many references to the topics in the field of active RC cir-
cuits which have been introduced in this handbook . Some of these are given in the
list that follows. No attempt has been made to make this an all inclusive list; rathe
it is presented to give the interested reader a starting place in his pursuit of more de-

tailed information on this subject. The references are arranged by chapter.

Chapter 1

A genwral theoretical treatment of the subject of active networks, together

with many additional realization techniques may be found in the book by K. L. Su,

Active Network Synthesis McGraw-Hill Book Co., Inc., New York, 1965

Chapter 2

General design formulas for several types of bridged-T and twin-T networks,

as well as a general discussion of the synthesis of passive RC networks may be found in
the book by N. Balabanian, Netwosk Synthesis, Chap. 7, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1958. A more detailed presentation of several cases,
together with several design charts may be found in Appendix VI of the book by C. J.
Savant, Jr., Control System Design, 2nd Ed., McGraw-Hill Boock Co., Inc., 1964
A simplified method for the design of twin-T networks with transmission zeros

in the right-half of the complex frequency plane may be found in the article by B. A

Shenoi, "A New Technique for Twin-T RC Network Synthesis," IEEE Transactions

on Cincuit Theony, Vol. CT-11, No. 3, pp. 435-436, Sept. 1964

92



A discussion of the adjustment problem in twin-T networks may be found in

the article by K. Posel, "A New Treatment of the RC Parallel-T Network," Proceed-

ings of the Tmstitution of Electrical Engineens (England), Vol. 110, No. 1,

pp. 126-138, Jan. 1963.

Chapter 3

A tabular method which may be used to determine the voltage transfer func-
‘ion of a network using a fairly arbitrary feedback network is given in the article by
A. G.J. Holt and J Sewell, "Table for the Voltage Transfer Functions of Single-
Amplifier Double-Ladder Feedback Systems," Electronics Lettens (published by
the Institution of Electrical Engineers, England}, Vol. 1, No. 3, pp. 70-71, May 1965
A design method for a third order filter using a single operational amplifier is
given in the article by L. K. Wadhwa, "Simulation of Third-Order Systems with Double-
Lead Using One Operational Amplifier," Proceedings of the IRE, Vol. 50, No. 6,
pp. 1538-1539, June 1962. Articles on similar filters with different zeros may be found

in the February and April Proceedings issues of the same year

Chapter 4

The classic article in this area is the one by R. P. Sallen and E. L. Key, "A
Practical Method of Designing RC Active Filters," IRE Transactions on Circuit
Theory, Vol. CT-2, No. 1, pp. 74-85, March 1955. Some additional circuits are
given in the article by N. Balabanian and B. Patel, "Active Realization of Complex
Zeros," IEEE Transactions on Cireuit Theony, Vol. CT-10, No. 2, pp. 299-300,

June 1963



Chapter 5

The properties of a negative-immittance converter as a two-port device were

defined by A, |, Larky, "Negative~Impedance Converters," IRE Transactions on
Cireuit Theory, Vol. CT-4, No. 3, pp. 124-131, September 1957, In addition to
the circuit for an NIC given in the Larky paper, several other circuit realizations have
appeared in the literature, See, for example, D. P. Franklin, "Direct-Coupled
Negative-Impedance Converter," Efectnonics Lettens, Vol. 1, No. 1, p. 1,

March 1965, Power and impedance transformation properties are discussed by L, P.

Huelsman, " A Fundamental Classification of Negative-Immittance Converters," 1965
1EEE International Convention Record, Part 7, pp. 113-118, March 1965.
The basic circuit for the realization of a voltage transfer with an INIC pre-
sented in this chapter is described in more detail by T. Yanagisawa, "RC Active Net-
works Using Current Inversion Type Negative Impedance Converters,” IRE Transac-
tions on Cirneuit Theony, Vol, CT-4, No. 3, pp. 140-144, Sept. 1957, Another
basic approach that uses VNICs is given by J. G. Linvill, "RC Active Filters," Pro-
ceedings of the IRE, Vol. 42, No. 3, pp. 555-564, March 1954,
Chapter 6
Books which cover the topics of this chapter are the ones by Su (see Chapter
reference) and L. P. Huelsman, Cineuits, Matrices, and Linear Vector Spaces,

McGraw-Hill Book Co., Inc., New York, 1962,
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APPENDIX B

DESCRIBING ACTIVE FILTERS

This handbook is addressed primarily to the design of active RC circuits
employing operational amplifiers as the active elements. While we have seen that
the operational amplifier is extremely versatile in active filter applications, it none-
the-less holds true that for every requirement there is one operational amplifier which
provides the optimum performance and value. It is, therefore, important for the user
to work closely with a reputable manufacturer of operational amplifiers to gain the
flexibility of being able to tailor an amplifier to the filter requirement. To fully

utilize this service, it becomes necessary for the user to describe his filter requirement.

Describing the Filter

There are many ways to describe a particular active filter  If you have
evaluated a circuit from this handbook, referencing the page number along with the
amplifier and circuit values employed provides a good starting point for the manu-
facturer, Any problems or limitations encountered should also be noted

The shape of the transfer function should be described by function (low pass,
band pass, band rejection, high pass), pass-band gain, frequency response (3 dB
points or accuracy over range of interest), roll-off characteristics (dB/octave or dB/
decade or rejection at specific frequencies), and type (Butterworth -maximally flat,
Bessel - linear phase, Tchebyscheff-equal ripple, etc.). Alternatively, the fiiter
may be described in terms of the basic function of the filter and overall system, a
pole-zero plot, or a plot of the desired response versus frequency. Usually some

combination of the above method is best used to describe a particular filter,
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Optimizing the Circuit

Given a complete description of the active filter requirement, the amplifier

wfacturer can begin to make some very interesting design trade-offs. In some band
pass and high pass circuits it may be possible to relax the DC voltage and current off-
set and stability requirements which normally add to the cost of operational amplifiers
In certain filter circuits, the RC phase compensation network inside the operational
amplifier may be modified to allow higher frequency performance. Thus, it is often
desirable to wed the active amplifier and passive filter elements into a single com-
mitted active filter module. The resulting optimized circuit usually provides higher
performance at lower overall cost than either a filter employing "standard" amplifiers

a "standard" active filter which must be customized at least in terms of cut-off

frequencies for your application.

Limiting Specifications

The final filter design can be completely described by electrical, mechanical,
and environmental specifications. In the design stage, however, it is important to
indicate the critical or limiting specifications so as not to unduly restrict the design

add to the design and product cost, and to help resolve any conflicting specifications

1sign trade—~offs.

Conclusion

A reputable manufacturer of operational amplifiers with experience and com-
petence in active filters offers valuable services to the user. Whether the service takes
‘he form of circuit consultation, amplifier recommendation, special amplifier design,
special filter design, or the supplying of a standard filter, the user must furnish a

complete description of his filter requirements,
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SPECIFICATIONS

APPENDIX C

Typical Burr-Brown Operational Amplifiers

The specifications shown in Table 1 and Table 2 (on the following page) are indicative of: (1) the complexity of
operational amplifiers, (2) the state of the art in operational amplifiers as of the publishing date of this handbook, and (3) the
extensive line of operational amplifiers manufactured by Burr-Brown Research Corporation, Complete specifications are available

on request,
TABLE
Performance at 25°C and with rated supply.
SOEL1E E S v iw mad s | AEEISTE ks Livin
[15] Al
WETED CEAE
N boge g w 10 (] i Mg i m n L. ¥
Coasmad Buin] # T & M & [E T [ ek
I Gk g ne L v L 1] L Ll
RHITY Gl CREESTAER drpl 1 i 1,4 7] ) (] iy
FLL MOAATE B O i ] il ] £ ] E D ks
HEWIHG BATE {sla) LY i.E 1.2 (] DT Hr LT
PORUT WOLRROE
Ollar, 19T iy w7 a ¥ af, 3 Y .3 w0 sV
HArvmragm Dnily, BT w0 50 (i il s @ a & s 0 w 3 -] T
fmgui| & 3 " | im i i 10 @ 13 e
IFUT CLEEE R
Cttwr, IP°C iyl a 5 wdeg b LN L | a0 o rd
Cath, ~I97L i AC ypld el 1 abi3 a0 Pl T bl Pt 7 [ T
ot R ] alib aild P T #0.8 Pl P il
IR MHONED TO W0k forp) i 1 L] [ I[rI - o
(L0 Tl o i o
Calbrariinl byl ¥ 2.3 e 1wl 1 e | wa
ommcer Mgl (i ppl L] o L] 16 T 1l [
el WO TAGE Likafli
e Wads (max T L | & Il ¥ i 0 I | [T -] W
T -] & i s im & = w13 W
OUTPUT SAPEDASCE ] ] L] [ 1] ] ] b
OO RAT iR AT LATURE RAF4GE
bl b = & -3 - il = - il = dfi ag
[T & s i L] ] + # 84 = K i
FOAWER SLPPLY
i el & k8 LL] It ] [T - ] [T | w 11 .
Ol b s} B '] 4 ] & o w1 o il
gt ooyl e @ i El H i 18 1
E —aar S

Notes: Specifications subject to change without notice.
(1) Model 1901 has been certified under MIL-STD-202C and MIL-STD~810 for humidity, altitude, shock, acceleration,

thermal shock and vibration.
{(2) OctolkHz.

(3)  The settling time for Model 3013 is less than 1,5 psec,

(4) Range: % 12 Vdc to + 18 Vde,

(5) Total current approximately equal to quiescent plus output current,
(6) Externally adjustable to zero. Alternate /13, /16 and /26 modules feature internal voltage offset adjustment.
(7} Input current doubles every 10°C rise.
(8) See mechanical dota for alternate module types.
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APPENDIX C (continued)

TABLE 2
Performance at 25°C with rated supply.
mryes | 1seyn ' (TR T P TR T TR T W A F L
RRTED Sauten
Vakuge brdr) @ I W I s M & ) & Ip & [¥]
Cuvear ] L i 1B W "W ] | -
B aird gl EL7] 1 1] 1T} 1% 15 F
RITY Gahird CRORSCRER frppl (1] [ ] ] [N} ] 2.0 il
Flall b op ohoRd i i) 5] i | 11} bS] 13 (™
LIRS LRI feia] il () B¥ = I.T & LT
L= T i
i, TOC dp) 11N 8,01 T | 3 sl 5 a6 & B -t
Deifi, -I2990 1w +B9C fppl & 5T W 4 & ig i 16 i A - ] P
) pl i ™ = | L] i 1% A
- -
R PUIT CLIRRL F
Ot , T3 iyl ed. 0 n o iG ail. 1l P ] al.im adk
Memege Debk, SR¥T dn BT hepd | aDLDOOB dpa X Frm 4l a2 Flat: 4 ahk /BT
(S ol ] sl 4 ul, 0 Cimer A =g} Tew d T
-
WP W T kR fpwl k! 1 o i k| 1 A
LT LAEPE Dok b .
| T -] 0,8 B a.0 ([ B wlla ("1
£ pmmcr blade (g = 2 1 (1L 5 il L ™
FRFUT ¥ CRTAGE LivaTS
e Howin . - s B P i o B8 am ] W
TSN ey Sy p— v i = B (] LR ] i w 12 W
CHITPLE WAPTDARCE (ypl 1 ! ] EH ] s Ea
CHPRMAT MG TERAPERATLINE R RESE
i - 40 - & - 4D - & = dfs g
Mmoo = 1 -2 = 4 i = B ap
FIPNER SLPFLY
etnd prepl T 1 L% ] ] & 14 & i el
D beamal fua] 5 ] a I & 10 @ 7 & i | o,
HEC MODULE T I g} -} L} AT L}

Notes: Specifications subject to change without notice,

(1) Externally adjustable to zero. Alternate /13, /16 and /26 modules feature internal voltage offset adjustment.

(2)  Range: 3 volts of typical for £ 15 and + 26 volt supplies, + 5 volts of typical for + 60 and + 120 volt supplies.
(3)  Total current approximately equal to quiescent plus output current,
(4)  Input current doubles every 10°C rise,
(5)  See mechanical data for alternate module types,

6) &6HztolkHz.
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APPENDIX C (¢

ontinued)

TABLE 3
MODEL 3016/25 Power Booster
[P — I OE G Chpmrmlmy s Spmb ‘I
L oul. femprwien forge [T pom |
o i T “edn T o )
e 19 3 = i =T =h
1 4l n l -0 -1 abd 18
TABLE 4
MODEL 1515/25 Dual Regulator
L= gt Wil uga
k1 - ~—1
| =L ree ral I [15] e
uil u1DE il | Ll L)
TABLE 5
MODEL 501 Dual Power Supply
Trpm [ s [P r— I
i Ly IVTFal"alF 2 1N 3 T I
FOR /01 MODULES FOR /16 MODULES
MATING CONNECTOR latesall lithi

integrated circuit amplifiers. Barnes MF~15-88

FOR /15, /15C, /25, /29 and /40 MODULES

MATING CONNECTOR (as shown) accommodates
all these operational amplifiers for plug-in instal-
lation or test. Model 1500MC

MATING CONNECTOR is similar to the 1500MC
for mounting dual regulators. Model 1500MC-1

MATING CONNECTOR forencapsulated multipli=
ersissimilar to the 1500MC. Order Model 1500MC-4

FEEDBACK BOARD provides solder terminals for
feedback components, Model 1500F8

CIRCUIT SIMULATOR (s shown) is a patch panel
with 3/4" spaced jacks for feedback elements. In-
cludes offset control. Accommodates all operational
amplifiers and adapters having standard 8-pin con-
figuration. Model 1500CS

FOR /17 MODULES

MATING CONNECTOR (as shown) accommodates
all /17 modules for plug=in installation. Model
1700MC

ADAPTER PLUGS allow use of /17 units on 1500CS
Circuit Simulator. Model 1700AP (for Model 1701) .
Model 1700AP-1 (for alt other /17 units)

FOR /19 MODULES

MATING CONNECTOR ({as shown) accommodates

oll /19 operational amplifiers. Mode! 1900MC .
For Model 9874 and 9875 squoring modules

use the Model 1900MC-1

ADAPTER PLUG allows use of 1500CS Circuit
Simulator. Model 1900AP
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RACK ADAPTER holds 16 units in o 3-1/2" x 19"
rack space. Model 1600-16R

WIRED RACK ADAPTER is identical to the 1600-16R
but includes mating connectors and power bus wire.
Model 1600-16RW

HALF RACK ADAPTER holds 7 units in a 3-1/2" x
9~1/2" rack space, Model 1600-7R

POWERED RACK ADAPTER - See Power Supplies,
506/16, 507/16, 508/16, 509/16.

MATING CONNECTOR (Burndy EC4206P5) is

furnished with unit. Extra connectors

BLANK PANEL provides uniform appearance of the
rack, Model 1600 BP

CARD EXTENDER allows testing without discon=-
necting unit from rack. Model 1600CE

BLANK MODULE is the same enclosure as the /16
module. Terminals for each pin are mounted next
to the connector on the printed circuit board.
Mode! 1600M

FOR /16-2 MODULES

BLANK MODULE is similar to the /16 with the
exception of double width., Model 1600M-2

MATING CONNECTOR some as /16 is furnished

with unit, Extra connectors
FOR /26 MODULES

RACK ADAPTER holds 16 units in 3=1/2" x 19" rack
space. Model 2600-16R

MATING CONNECTOR (Amphenol 143-012-01)

is furnished with unit. Extra connectors

BLANK MODULE is the same enclosure as the /26
module, Temminals for each pin are mounted next
to the connector on the printed circuit board.
Model 2600M



BURR-BROWN ACTIVE FILTERS

These low-pass active filter modules, Models 5001/29 and 5011/29, provide
maximally-flat response (Butterworth) with 60 dB per decade rolloff above the 3 dB
frequency (f.). Fixed bandpass gain and fixed cutoff frequency (f. ) may be specified
within the wide ranges indicated. Because of the high input impedance (more than
10 kn), the low output impedance {less than 10.n), and the gain (0.5 to £20Q V/V),
these units ¢an function both as filters and amplifiers in your circuit designs.

These low~pass active filter modules, Models 5002/29 and 5012/29, provide
equal ripple response (Tchebyscheff). The initial rolloff rate is increased as the
specified maximum ripple is increased. Cutoff frequency (f. ) is defined as the point
on the frequency response curve at which the response is down by the amount of the
allowable ripple; that is, 1dB down for @ 1 dB maximum ripple filter.

Special order active filters for low-pass (LP), high-pass (HP), band-pass (BP),

and band rejection (BR) applications are all available from Burr-Brown. Our applica-
tions staff is uniquely qualified to discuss your particular requirements.

SPECIFICATIONS
ram

Description BUTTEEW OETH | TCHERYSCHEFF SFECIAL
RESPOMEE RESPOIMSE RESPOMSE
Mazde| 5001/ TP Mods] 5000739
L inverting) | IndemiFing
e | |
' Medel 501129 | Model 5012729 Cunpom
[rizes [rwpating| an=lrmvariing)
Mo, of Folm k| 3 TR
Chargeieriaic Mo, Fligd Egual Ripple s Bequited
(Buirerwnnis) [TehabryncheF) (Des ribe]
Pasxi Baied Lain =4l jo +85dA | ~tdB o ¢ dhd0 =20dB v +&0d0
Cutaff Frequency SHx o 20kH:c 3 He %o 20 kHs , 1 He to 180 kHx
Fraquency Siahifity 0, 05%,/F'C L 80,00 1n 15,9
Rall=ofl Eaim &0 dE decodm S04 e e di bo | 40dB dec .
Maximum Eppls 8, 148 200, 5 bo 2348 a0, 1 fg #2348
Irpurd Single Erclad Single Endad Single Erded
Inpur |mpedance 10ka mim, 10 ks min, B s in B3M A
Chuiput Oty Esi, HAdj. in D Ext, Adj, ol Esd. i, @
(Curipul Swing [l 110 Wl b 100
af Chadgesd Tirsem i 1 0ma& & | BmA il mlk o @50 mb
Fated Posei Supply + 15 &5 8 he a1 O
Enngs 17V 413y 12V ro 2 18Y My Fegayiogd
Db, Cursenl +10mA % 10y g Begyineg
DFIIrurimj Tenparoture =39y SRS -i‘.':'u'; sz + A5 day, I:h:r_.i il
Medula Typs s R i Raguired
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MECHANICAL DATA

/13 PACKAGE
- fz—‘- Typical Mounting
MAK. =0 2 Connector Burndy EC 4205-P5
Applies to /13 Package and /16 Package
e g
~ WAX. /—(4) HOLES FOR
—_—, 4-40 SCREWS
1.250"
.140"
[ AR 10"
EO S O+ ‘_{CASE
B L I ;—&\ i t
TR ! R, — A
ey L
| /25 PACKAGE
1 1°GRID i
i —T— [
| R T e et |
/15 PACKAGE P SCRERE)
L. R T F e
oo T Claninl
—@@‘ L [T |
' ~¥ L1+
e R s : e
T ’__: N / "ot b LrappeD 440, 08°OETP
@z @v® . "'I| l it BB TIR SCREW CLEARANCE
‘ : ! I TO 18 DEEF, 2 BiLES
PR AT — :
18 ﬂ ” |'| ﬂ T0 .19 DEEP, 2 HOLES e ﬁEI,"
G '
MAX,
l 2.407
I WAX.
H

/16 PACKAGE

T

/16-2 PACKAGE

LI ——
LTE I .

1 A pEEy l\.-'} LT
B
2

e ——T r
i "
|-[|.|.|| CLL
i

) T ;___.-
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MECHANICAL DATA (continued)

/17 PACKAGE

srem.

s

/49 PACKAGE

/29 PACKAGE

0.3"GRID

/18 PACKAGE

p27en G
I ) ] ]
g
O et S
T
S
1 .
1007

Max.

-

- T
]
-t
b

: [
LA

= ﬁl-;_--%-:.:. .EL__

TAPPED 4-40, 125“DEEP,
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I
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MAX.

/40 PACKAGE
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APPENDIX D
REACTANCE CHART
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~ DOMESTIC ENGI

ALABAMA

Huntsville

BCS Associotes, Inc.
Phone: (205) 534-1648

ARIZONA

Phoenix

Williams Associates, Inc.
Phone: (602) 254-6085
Tueson

Burt-Brown Reseorch Corporation
Phane: (602) 294-1431

ARKANSAS (Sea Dolles)

CALIFORNIA

Los Angeles

Irstrument Speciolists, Inc.
Phone: (213) 685-5181

Sonta Clora
Instrument Speciolists, Inc.
Phone: (408) 244-1505

CANADA

Downsview, Ontario
Alton Crowford Associotes
Phone: {416) 636-4910

Monireal, P, Q.
Allon Crawford Associotes
Phone: (514) 739-6776

Ottawo, Ontorio
Allan Crawford Associotes
Phone: (613) 725-1288

Voncouver, B. C.
Allon Crowford Associates
Phone: (604) 291-7161

CoLoRADQ

Denvi

Wil s Associotes, Inc.
Phone: (303) 388-4391

CONNECTICUT

Eost Hoetford

Meosurement Equipment Co., inc.
Phone? (200) B874-9222

FLORIDA

Orlonde .

BCS Associates, Inc.
Phone: (305) 425-2764

OVERSEAS REPRESENTATIVES

Sorls Gorfunkel E Hijen S. A,
Sortolome Mitre 1824

Suencs Aires, ARGENTINA
Phone: 45-S8TT

Kenelee Imports Hy. Ld.

49 Eviax Rood

M, Waverley, Victoria, AUSTRALIA

Phone: Melbourne: 277 7818
Sydney: 318 243
Adelaide: 232 703

Dipl. Ing. Peter Marchatti
Sales and Service

A-1050 Wien, Copistrongasse 3
ienna, AUSTRIA

Phone: 5.

Delto Equipment 1.0.
28, rve du Tobeftion
Bruxalles 5, BELGIUM
Phone: 02/ 38.30.78

Inthrumentacion

Henrik A, Langeboek & Cia, Lida,
Carrere 7 No, 48-59

Apariodo Aereo 6287

Bogoto , D.io.b, COLOMBIA

2600 Glostrup, DENMARK
Phone: (01) 96 B8 47

Suministros Tecnicos Lrda.,

Box 259-4492, Guoyoquil

Colle Rumichace 515-17 E£CUADOR
Phone: 12-419

Genaral Test Instruments Lid,
Gloucester Troding Estate

Hucclecote, Gloucester, ENGLAND

Phonet Gloucester 67154

Nores 8 CO OY
Fobi aty 32

Heliinki 10, FINLAND
Phone: 13366~

NEERING REPRESENTATIVES

ILI.INOIS

Lo«n F Green & Associates
Phone: (312) 285-6824

LOUISIANA

New Orleom

BCS Associotes, Inc.
one: (504) BBB-2264

MARYLAND
Silver Spring

QED Electronics, Inc.
Phone: {301) 589-8134

MASSACHUSETTS

Woketield

Measuremant Equipment Co., Inc,
Phone: (617} 245-4870

MICHIGAN

Detroit

Sheridon Associotes, Inc.
Phore. (313) 358-3333

MINNESOTA

Minneopolis

Loren F. Green & Associates
ne: (812) 781-1811

MISSOURI

St. Louis

Sheridon Associates, Inc.
Phone: (314) 524-4800

NEW JERSEY

Comden

QED Electronics, tnc.
Phone: (215) 925-8711

NEW MEXICO
Afbuquerque

Willioms Asociotes, Inc.
Phone: (505) 255-1638

NEW YORK
Albany

J. A. Reagon Compony, Inc
Phone: (516) 436-9649

Binghamtan
J. A. Reagan Company, Inc,
Phone: (607) 723-9661

M. Vebnon
QED Electronics, Inc.
Phane: (914) 968-2200

Societe S,E.P,T.A,
13, rve de Tiquetonne
75 - Poris 2¢ - FRANCE
Phone: 234-37-

Dipl. Ing. Ernst Fey
8 Munchen 2
Horemanistroue 28
Munich, GERMANY
Phone: GBTI73T69364

Graek Electronics Company Ltd.
6, Kriezotou Strent

Athers, 134, GREECE

Phone: 625, 46!

Air=Ports International N.V.-
Elecironics D.p-m-m

149, Hoogwe,

Ryswyk (2. s } HOLLAND
Phone: (070)

Rocom Elecionics Co. Ltd.
74, Nordau Bivd.
?.0. dox 8170
Tel-Aviv, ISRAEL
Phone: 44 JTTT, 2507 52
Service Deportment 25 77 20

Sirumentozions Industriale Regoloziont
Vie Boldinuce! n.60

20138 Milano, ITALY

Phone: 376 1987

Kyokute Boaki Kmnl\c Ud
7th Floos, New

Bldg.
-Chome, Otemachi, Chiyodos r.0. .
:nllzyoc A i, Chiyde-Ko ek y I
M . -
Phone: (705 T Phore: OSI-2STRTT
TELEKOM
Elactro P sonalen, 5.A. _—

New Hortford
1. A. Reogan Company, inc.
Phone: (315) 7323775

Rochester
J. A. Reagan Compony, lac.
Phone: (716) 473-2115

A
Greersboro
8CS Associotes, Inc.,
Phone: (919) 273-1918

Cincinnati
Sheridan Associctes, Inc.
Phone: {§13) 761-5432

Clevelond
Sheridan Associotes, Inc.
Phone: (216) 237-9145

Dayton
Sheridan Associates, fnc.
me: (513) 277891

OKLAHOMA (See Daltos)

PENNSYLVANIA
Fittsborgh

Sheridon Associates, Inc.
Phone: (412) 243-6655

Philodelphia (See Comden, N.J.)

TEXAS
Dallas
Norvel! Associates, Inc.
Phone: (214) 357-6451

Houston
Norvell Associotes, inc.
Phane: {713) 774-2568

UIAH

Salt Lake City

Willioms Assaciates, lnc.
Phone: (801) 466-8709

VIRGINIA (See Morylond)

Seotte
Itrument Speciofists, Inc.
Phore: (206) 767-4260

WASHINGTON, 0,C, (See Marylond)

Hugo Riso A/S

Corl Grondohls Vei |
P.O. Box 8 Toosen
Osto 8, NORWAY

I. end S. Corporation

2nd Floor, Doda Chombers
Bunder Rood, P.O. Box 5025
Korachi-2, PAKISTAN
Phone: 223

TELECTRA

Ruo Rodrigo Da Foreeca, 100
Litbon |, PORTUGAL
Phone: 885072

Dovid Poltock (Pry.) Lid.

17 Malle Sr., Broomfontein

P.O. Box J0K8

Johannesburg, SOUTH AFRICA

Phone: 724-8270 .

DISTESA

Viriote, 52

Modrid-10, SPAIN : .
Phone: 222 5573 °

Amarikoneko Teleprodukter AB 5
Nybohovsgrand 56
7.0, Sox 43070

+ Stockholm 43, SWEDEN

Phore: 18 29 3
1829239

Telemater Electronic AG
Gcnclurg&.nw 23

Lucerna Num, 58
MEXICO 6, D.F,
Prone: 33-41-02

W. & K. Mcleon, L,

£.0, Box 3097

103-105 Felton Mathew Avenue
Ayckland, NEW ZEALAND
Phone: 586-000

P.0. Box 376
Karakoy, JURKEY
Phone: 49

Vlbeonics Privote Limited
4, Kurla Industricl Extate

y

—y







IMPORTANT NOTICE

Texas Instruments and its subsidiaries (TI) reserve the right to make changes to their products or to discontinue
any product or service without notice, and advise customers to obtain the latest version of relevant information
to verify, before placing orders, that information being relied on is current and complete. All products are sold
subject to the terms and conditions of sale supplied at the time of order acknowledgment, including those
pertaining to warranty, patent infringement, and limitation of liability.

Tl warrants performance of its products to the specifications applicable at the time of sale in accordance with
TI's standard warranty. Testing and other quality control techniques are utilized to the extent TI deems necessary
to support this warranty. Specific testing of all parameters of each device is not necessarily performed, except
those mandated by government requirements.

Customers are responsible for their applications using TI components.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards must be provided by the customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance or customer product design. Tl does not warrant or represent
that any license, either express or implied, is granted under any patent right, copyright, mask work right, or other
intellectual property right of Tl covering or relating to any combination, machine, or process in which such
products or services might be or are used. TI's publication of information regarding any third party’s products
or services does not constitute TI's approval, license, warranty or endorsement thereof.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations and notices. Representation
or reproduction of this information with alteration voids all warranties provided for an associated TI product or
service, is an unfair and deceptive business practice, and Tl is not responsible nor liable for any such use.

Resale of TI's products or services with statements different from or beyond the parameters stated by TI for
that product or service voids all express and any implied warranties for the associated TI product or service,
is an unfair and deceptive business practice, and Tl is not responsible nor liable for any such use.

Also see: Standard Terms and Conditions of Sale for Semiconductor Products. www.ti.com/sc/docs/stdterms.htm

Mailing Address:
Texas Instruments

Post Office Box 655303
Dallas, Texas 75265

Copyright 0 2001, Texas Instruments Incorporated
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