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CHAPTER I

INTRODUCTION

The current interest in the area of active filters is due primarily to
the advent of integrated circuits where many network elements can be placed
on a single chip or substrate. Since attempts to build miniature 1nductor§
for lower frequency applications have not been successful, passive LC filters
cannot be constructed using the present integratéd circuit techniques (1}.
Active filters, on the other hand, do not require the use of inductors.

They consist only of active devices in combination with RC networks. Since
RC networks are easily made in integrated form, active filters provide a
method for the construct1on of 1ntegrated filters.

At the present t1me hybrid thick film technology furnishes the most
economical method for making integrated circuits. The smaller initial
capital investment, the higher yields in production, and the simplicity of
the process'are'the main reasons fﬁr its economic supefiority compared to
the thin film process (2). If active filters are.to be economically feasible
and produced on a large scale, then it is clear tﬁat the thick film process
should be used to construct them,

Naturaily, if thick film circuits are to be used, their properties
must be recognized and incorporated into the design process. The advantages
and disadvantages in circuit design resulting from the use of thick film
hybrid circuits are:

1. The size of the circuit is reduced and the temperature can be considered

approximately uniform over the smaller surface area.



2. If precision resistors are required, trimming is necessary. Tolerances
before trimming are generally 20% to 30% but can be improved with
better process control.

3. Resistors designed in the top hat configuration can be trimmed to
values greater than twice their initial values.

4. If the thick film resistors are made at the same time and with the same
ink, they tend to vary in the same manner with changes in the circuit's
operating environment.

5. If different inks and multiple printing are to be avoided, the range of
resistor values on one substrate should be Timited to about 10 to one.

6. Ceramic chip capacitors, which can be mounted direétly on the substrates,
are available in the range of 1.2 pF to 2.5 Mfd.

7. Variable ceramic capacitors are available with tuning ranges up to
1-50 pF.

The purpose of this thesis is to show: (a) the complete design of an
active filter, (b) the compatibility of this design and the above charac-
teristics of thick film circuits, and (c) the advantages resulting from the
use of the thick film circuits.

Definitions and concepts found in the current literature on active
filters are presented in Chapter II. Three classes of active realizations
and their applications are also given. The active networks are limited to
the type containing RC networks and operational amplifiers as the active
deviges.

Chapter III contains the design of a 5th order Chebyshev active filter
which can be constructed using hybrid thick film circuits. The character-

istics of thick film circuits are considered throughout the design and the



final thick film layouts are shown. Other topics such as the temperature
stability of the filter's respbnse and the tuning procedure are also
discussed.

Chapter IV contains the measurements taken from the active filter and

a discussion of the results.



CHAPTER II
LITERATURE SURVEY

Several methods of active filter synthesis using operational amplifiers
and RC networks are presented in this chapter. Each of these methods has a
useful but Timited area of application. However, before examining each
synthesis approach, a discussion of definitions and other background material

is necessary.
The Sensitivity Function

The parameters of active and passive components change from their
nominal values due to aging and variations in the external environment.
Since an active filter is constructed using the above components, its
performance will also vary. The sensitivity function provides a means to
determine the change in performance of an active filter when a capacitor,
resistor, or active element varies.

The sensitivity functidn S of a network variable T due to the variation
of a parameter K is

T 3T/T) _ (dT/3K)
Sg = EaK/Kg - (T/K) (2.1)

which is the percentage change in T, due to a change in K, divided by the
percentage change in K (3). The function T can be a vo]tagé transfer function,

a pole or zero, or any function which contains the variable K. K is generally

a resistor, capacitor, or gain of an active device.



The pole-position sensitivity of a network function is defined as

5

daja . . L g
= SRkt ISRt (2.2)

where p is a particular pole of the network function (4). Given a one
percent change in the parameter K, the real part of SE gives the percentage
change in the pole position parallel to the real axis, and the imaginary
part of SE gives the percentage change in the pole position parallel to the
imaginary axis.

The sensitivity function has two important practical applications.
It can be used as a sorting tool to eliminate active filter configurations
whose performance changes drastically with changes in the active and passive
elements. It can also be used to determine the changes in the performance

of a filter with changes in temperature, provided the temperature coeffi-

cients of the resistors and capacitors are known.
The Cascade Approach

A filter synthesis problem begins with the determination of a voltage
transfer function, a set of poles and zeros, which will meet the filter's
specifications. Passive filter design handbooks contain the information
needed to transform a set of specifications into a voltage transfer
function (5,6). Several lowpass transfer functions, their poles and zeros,
and their attenuation characteristics are tabulated. Highpass and bandpass
transfer functions can be obtained from the lowpass forms with the correct

frequency transformations. A general transfgr;function is"given‘by



Once the transfer function T(S) is determined, it can be factored into

the product of second order functions.

2
n/2 n/2 s2 + (w_./q_..)S + w_.
T(S) = TT] T5(8) =TT K = 2] Z) 2 (2.5)
= = + Ja_ . .
J J S (pr/qu)S s

Note that if n is an odd number then (2.5) will also contain a first order
term. It has been shown that the best way to realize an nth order transfer
J.(S), realize
each second order term separately, and then cascade all of the second order

function T(S), is to factor it into the second order terms T

sections to obtain the product T(S) (3).

The cascade approach requires each second order section to have a very
Tow output impedance and a very large input impedance if additional buffering
stages are to be avoided. These conditions are easily met if the output of
each stage is taken from the output termina]IOf an operational amplifier
(op-amps in a feedback configuration have a very small output impedance)

and the input impedance is increased by scaling all impedances in the filter



section (the voltage transfer function is not affected by scaling of the
impedance Tlevels).

In decomposing T(S) in (2.4) to obtain second order functions like
Tj(S) in (2.5). the problem arises as to which poles should be grouped
with which zeros in forming each Tj(S). Moschytz has discussed this problem
and has shown that networks can be divided into two categories with respect
to their transmission sensitivities SI(S) (7).

The class 1 type networks have.sensitivities‘independent of the
particular zeros, thus'the pole-zero grouping is arbitrary. The class 2
type networké havé sensitivities which are dependent upon the zeros, but
the choice of pole-zero grouping is dependent upon the particular appli-
cation and reference (7) can be consulted for the correct criterion for the
pole-zero grouping. The types of active networks, to be discussed later,
which are in class 1 are the Sallen andwkey hetwaks.and-the frequency
emphasizing netwarks or FEN. All of the state variable or analog type

active filters are in the class 2 category.

The Q Factor

The Q factor is associated with a set of complex poles, and is frequently
used in the literature on active filters. It may be defined by observing

the use of Q in the following second order transfer function

ris) - ALrBSHC As? + BS + ¢ -
J (S + p)(S +p*) S2+ (w,/Q)S + wﬁ '




where p is the complex pole p = a + jb, and p* is the complex conjugate
of p. Figure 1 shows that the pole position is completely defined by the
Q factor and wp, and that the Q factor is a measure of how close a pole is
to the jw axis.

Geffe has shown the importance of the Q factor by stating that an
active filter design has to have low sensitivities of Q with respect to
the passive elements of the circuitxif.the design is to be practical (8).
This is a necessary condition but”hqt completely sufficient because other
practical features must also be achieved. Later it will be shown that the
sensitivity of Q with respect to the éctive elementfs gain will be a factor
in deciding which type of actfve hea]izationrshou1d_be used to construct

the filter.
Operational Amplifiers

Active networks encountered in the current literature contain some
type of ideal amplifier as represented in Fig. 2. These ideal amplifiers
are assumed to have infinite input impedance and zero output impedance. One
problem concerned with the construction of active circuits is the replace-
ment of the ideal amplifier with a nonideal or practical amplifier which
has finite input impedance and nonzero output impedance. An operational
amplifier along with some type of feedback network can be used to give a
good approximation of an ideal amplifier.

The symbol and simple circuit model for a differential input operational
amplifier are shown in Fig. 3. The parameters Agp, Zj, and Zy are respec-
tively the differential open loop gain, the input impedance, and the output

impedance of the particular operational amplifier. A set of typical values
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Figure 1. Relationship of the Q factor and the pole position.



Figure 2. An ideal amplifier.

Figure 3. (a)
operational
amplifier.

Circuit symbol of a differential input
amplifier. (b) Simple model of an operational
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might be Aj = 10°, Zi = 1020, and Zs = 103a.. The terminal marked (+) is
the noninverting input terminal and.the terminal marked (-) is the inverting
input.

Operational amplifiers with the correct type of feedback can be used
as voltage amplifiers, voltage followers, integrators, and summing devices,
all of which will be needed when the different types of active filter
realizations are discussed.

Operational amplifiers operating in the inverting and noninverting
modes are shown in Fig. 4. Vout/vin’ Zi,s and Z, . are the parameters of
the feedback amplifier and not the parameters of the operational amplifier
(Ags Zi, and Zg). If Ay and Zj are very large compared to the other circuit
elements, the expressions for Vout/Vin= Zin’ and Z,, reduce to simple
forms (9).

For the inverting mode circuit, the expressions are

Y z
out . _ B (2.7a)
Vin ZA
Zin = ZA s (2a7b)
and 1+ (ZB/ZA)
Zput =L, TR, (2.7¢)

The expressions for the noninverting mode are

B
Vg =1 tZ, (2.8a)
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Figure 4.

Operational amplifier in (a) the inverting mode

(b) the noninverting mode.
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AZ.
_ 0 i
Lin = T+ g/Zy)  ° (2.8b)
L 1+12.)2
and Zout = 20 AB A . (2.8C)
0

The resistor Ry, present in both circuits of Fig. 4.,.13 chosen so
that the dc paths to ground from each input terminal of the operational
amplifier are equal. This is necessary to minimize the offset voltage at
the output caused by biasing currents at eachlof the input terminals.

In Fig. 4 the resistor Ry is equal to the parallel combination of Zp with
the series combination of Zp and Z,.

As an example, take the case where Zp = 10%. , Ip = 10&0., and the
operational amp]ifief-parameteké-are the typical oﬁeé‘giVenrbefore;

Ao = 105 , Z; = 105, and 7y = 1032 . Then for the operational amplifier
operating in the inverting mode Vg, /Vi = -10, Zj,= 103a , and Zy,¢= .104.
These same expﬁessions for the nohinverting mode amplifier are Vout/Vip= *+11,
Zip= 9.1x10%, Zgy¢= .00 "

The example above.shows first that the inverting mode gives a negative
voltage gain whereas the noninverting mode gives a positive gain. Secondly,
for the same approximate gains, the noninverting mode configuration has a
much larger input impedance Z;,. The input impedance Zj, of the inverting
mode amplifier is equal to Zp, which must be kept less than Zj and Ag if the
approximations in (2.7a-2.7c) are to hold true; thus when using the inverting
mode configuration, care must be taken to insure that the impedance Zjp does

not load down the preceding circuit. The third conclusion is that the out-
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put impedances of both the inverting and noninverting mode amplifiers
are equal.
Figure 5a shows an operational amplifier used as a voltage follower.

The expressions for Z

fiia Zout’ and Vout/V1n are similar to the ones given

for the noninverting mode amplifier, and are given as

v
e, (2.9a)
in
Zin = ZiA, (2.9b)
ZO

An integrator is shown in Fig. 5b, where the output voltage is given by

S o o - e—— S‘—"G""jw_ (2.10)

The output impedance of the circuit is the same as in (2.7c), but the input
impedances are Ry for the terminal corresponding to V, and R, for the term-
inal corresponding to V,.

Figure 5c shows a summing amplifier where the output voltage is given

by the expression

y -. t81 PRe'z Rels .
out R Ro Ry ' 11)

Again as for the integrator, the input impedances are Ry, Ry, and R
corresponding respectively to the voltages Vq, Vp, and V3. The output

impedance of the summer is proportional to zo/Ao'
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Figure 5. (a) Voltage follower (b} integrator (c)} summing amplifier.
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A1l of the circuits presented in Fig. 5 will be used in the different
types of active filter building blocks presented in the next section. Since
the objective of this section was to present just the types of operational
amplifier circuits which will be needed in the development which follows, no
further information will be presented. If additional information is desired,
the references (9,10,11) can be consulted. It should also be noted that all
the operational amplifier circuits generally need some form of compensation
network and this information is usually given in the specification data for

the particular operational amplifier.
Active RC Networks

This section presents three classes pf active RC networks which realize
second order transfef functions such as Tj(S) in (2.5). These second order
networks can be cascaded to give an nth order transfer function. It will be
shown that the Q-factor of a second order function Tj(S) will determine
which of the three classes of active networks to use for the realization.

The first class of active networks is the Sallen and Key type (4).

The various forms of this class are shown in Fig. 6 along with their voltage
transfer functions and Q sensitivifies with respect to the amplifier gain B.
A modified Sallen and Key circuit given by Moschytz and Thelen (12) produces
zeros on the jw -axis and is shown in Fig. 7. The forms of the Sallen and
Key circuits in Figs. 6 and 7 provide rea1izat{ons for most of the factored
second order transfer functions encountered in filter design.

In al1 of the Sallen and“Key networks, the sensitivity of Q with
respect to amplifier gain is directly proportional to the Q itself. If a

transfer function T;(S) has poles with a large Q-factor, then the Sallen and
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Figure 6. Sallen and Key type circuits (a) lowpass form
(b) highpass form (c) bandpass form.
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Key type circuits are not desirablérbecause a very small change in amplifier
gain causes a large change in thé QgOf'the pole pair. Referring back to
Fig. 1, the effect of a change in fhé‘Q.of a pair of complex poles is to
move the poles on a circle of constant radius wy, and siﬁce most filter
specifications 1imit the movemént of the poles, it is desirable to keep the
change in the Q-factor as small as possible. Moschytz has suggested that
the Sallen and Key circuits be used only to realize transfer functions

which have a Q-factor smaller than 10.

Frequency emphasizing networks or FEN's form the second class of active
networks. They are used to realize second order transfer functions which
have a Q in the range of 10 to 50. The FEN's can be used to obtain higher
Q's than the Sallen and Key type networks without reducing the Q stability
(13,14).

The FEN realizations are based on pole-zero cancellations. A desired
second order transfer function

s2 + (w_/q,)s + w2

T4(S) = K : (2.12)
d S% 4 (w /a)S + W2

is decomposed into the product of two functions. Thus,

Ti(S) = (Yp)) (Zp) (2.13)

2 _ L
S¢ + (wz/qz)S + W

Y21 = K 77

where s

(2.14)
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2 2
¢ + (wp/q,)S + wg
2
p

and Zp1 = K, (2.15)

2
5% + (Wp/gp)S + w

The zeros of Zpy cancel with the poles of Y1 to give the desired transfer
function Tj(S).

Yo is the transfer admittance of a passive RC network and is required
to have negative real poles. Zpy is the transfer impedance of an active
correcting network which can have complex poles.

Figure 8 shows a FEN which will realize a general second order transfer
function. The type of response (lowpass, highpass, etc.) is completely
determined by the transfer admittance of the passive RC network. Y,7 is Teft
in block form so that the FEN can be as general as possible. In reference
(13) Moschytz has a table of RC networks used to realize the different forms
of Yoq.

Referring to Fig. 8, Zp1 can be expressed as

1 5%+ (4/RC0)S + (1/RC)?
1= 75 8 (Re/Rg) S + S [(4/RC)/(1 +B(Re/Rg)] + (1/RC)%

. (2.18)

The ratio RF/RQ can be interpreted as the magnitude of the gain of the
operational amplifier operating in the inverting mode; thus, let m = RF/Rq.
The Q-factor of the second order transfer function realized by the FEN

is determined by the poles of Zy; and is given by

Q= (/81 +MB) . (2:17}
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The sensitivities of Q with respect to the amplifier gains u and B

are
=0 = M8
e TRl = (2.18)

and these sensitivity functions are always less than one, regardless of the
value of Q. The FEN can then be used to realize higher Q transfer functions
without loss of Q stability. Q's Targer than 50 cannot be achieved due to
practical limits on the amplifier gains (13,14).

The analog or state variab]e realizations are useful for the synthesis
of second order transfer funcfions with Q's greater than 50. With this
method, the Q-factor is not a function of the open loop gains of the
op-amps, as long as the gain§ are considered to be very large. The inte-
grators and summers will be cons{dered to be ideal in what follows, but
Kerwin, Huelsman, and Newcomb have modified the approach to include finite
gain operational amplifiers (15).

Consider the following second order voltage transfer function

v b.S2 + b.S + b
out 2 1

T5(8) = =- "> 2, (2.19)
Vin S+ a1S + ag

which can be rewritten as
Vout = = Vin(by + b1/S + bg/S?) - Vo, i(ay/S + ag/S?) . (2.20)

Figure 9 (a) shows the block diagram which satisfies (2.20). The circuit

realization of (2.20) is shown in Fig. 9 (b) where op-amps are used for the

integrators and summers. With regard to the coefficients in (2.19), the
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(a)

Figure 9. State variable realization (a) block diagram form
(b} circuit using operational amplifiers.



