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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.
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resistors and capacitors in Fig. 9 (b) have the following values (16):

L 1 _
Ry = =—» Ry =

apty by
R R
R6=—a—§'—’ R3=_Ez_ , (2.21)

Rg = R7, and R10 = E%

The various cases such as lowpass, highpass, and bandpass are derived
as follows: for the lowpass case, b,=by=0 which requires Rg=Rg= e (open
circuits); for the highpass case, by=bg=0 which requires Rg=Ry=cO; for the
bandpass case, bp=bp=0 which requires Rg=Rg=00.

As stated before, the Q of the state variable realization is indepen-
dent of the open loop gains if the operational amplifiers are assumed to
have large gains. From (2.19) and (2.21), the Q-factor of the state variable

realization is given by

V&% o R
VO . 2.22
R (2.22)

Thus, the sensitivity of Q with respect to the gains of the op-amps is
zero. The ability of the state variable synthesis to realize high Q transfer

functions is based on the fact that the Q depends only on passive components.
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Summary

This chapter can be summarized by stating the approach taken to
realize a general nth order transfer function. Given an nth order transfer
function, the method of design is as follows:

1. The nth order transfer function is factored into the product of second
order functions as in (2.5).

2. The Q-factor for each second order transfer function is calculated.
Sallen and Key circuits are used to realize Tow Q transfer functions
(Q<10). FEN circuits are used to realize medium Q functions (10<€Q<50).
State variable circuits are used to realize h1gh Q functions (Q=50).

3. Referring back to the firét step, Fhe po]e-zero'grouping is important
only when the state variable nefﬁgrks are used. Thus, high Q poles
deserve special attentioﬁ in that_it is best to place zeros with them
according to the criterion.given by Moschytz in (7).

4. Values of the capacitors, resistors, and amplifier.gains are chosen to
give the active networks the correct poles and in addition to minimize
the movement of these poles when component values vary (the design
example in the next chapter will show how the pole sensitivities can be
used to minimize the pole movement).

The next chapter will be concerned with the practical aspects of a
particular active filter design. The thick film process will be incor-
porated into the design so that the filter can be constructed using hybrid

thick film circuits.
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CHAPTER III
AN ACTIVE FILTER DESIGN

The design procedure given in the summary of chapter two was,
of necessity, very general since many of the practical and detailed
aspects of a filter design can only be discussed when considering a
particular design problem.
The objective of this chapter is to present the complete design of
a lowpass active filter from the initial filter specifications to the final

thick film layouts.
Filter Specifications

The following specifications are placed on the performance of the

lowpass active filter which is to be designed.

1. The filter is required to have .5 db (or Tess) ripple in its voltage
transfer function over the passband frequencies of 0-8 KHz.

2. The filter is required to attenuate all frequencies greater than
12 KHz by not less than 20 db. These requirements on the magnitude of
the voltage transfer function are shown in Fig. 10 along with the
normalized response (i.e. the cutoff frequency is normalized to 1 rad
per sec).

3. The source and load impedances terminating the filter are set at 5 K.

4. The filter's response should remain reasonably stable over a small

temperature range centered at room temperature (25°C).
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Voltage Transfer Function

The first step in the design of any active filter is to obtain a
transfer function which will satisfy the specifications. For economic
reasons it is desirable to keep the order of the transfer function as small
as possible (higher order transfer functions require more stages and hence
more resistors, capacitors, and op—émps).

Since a ripple is allowed in the passband (.5 db or less), it is
advantageous to use a Chebyshev transfer function rather than a Butterworth
type. A Chebyshev transfer function can satisfy a set of attenuation
characteristics (with a ripple in the passband) with a lower order transfer
function than can a Butterworth type (17).

It can be shown that a 4th order Chebyshev transfer function will not
satisfy the attenuation characteristics stated in the specifications (17).
For a .5 db ripple in the passband, the 4th order response is only atten-
uated 18.5 db at the normalized frequency W = 1.5 rps.

A 5th order Chebyshev transfer function with .5 db ripple will
attenuate the response by 26.6 db at @ = 1.5 rps and thus the normalized
response specifications are satisfied. To allow for element tolerances,
temperature changes, and other variations which will change the 5th order
response, the ripple should be reduced to some value less than .5 db.

One of the possible choices, the one which will be used to design the
filter, is a 5th order Chebyshev transfer function with a .141 db ripple in
the passband and an attenuation of 21.0 db at & = 1.5 rps. The transfer

function is

28
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.3431

T(s) .= (S + P1ITS + 9] (S + pa)(S +p,J(S +p,) | (3.1)
where Py, = -.1546 * j 1.0634 ,
. t+
p3,4 = -.4046 - j .6572 ,
and pg = -.5001

Factoring T(S) into the product of second order functions and one

first order function gives T(S) = T1(S) TZ(S) T3(S), where

$2 + ,3091 S + 1.1546
Tp(S) = L2558 : (3.3)
S2 + .8092 S + .5956
and T4(S) = ELEQQ%GGT . (3.4)

Figure 11 shows the position of the poles of the transfer function
T(S) along with their respective permitted movements. The shaded areas
indicate the possible positions that the poles may take and still have T(S)
satisfy the specifications. The shaded areas of Fig. 11 will be useful

later when tuning the filter.
Circuit Topology

The choice of which type of active network to use in synthesizing the

second order functions T1(S) and Tp(S) is determined by their respective
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Figure 11. Poles of the transfer function of (3.1) with shaded areas
showing permitted pole positions.
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Q's, Qq and Q,. By using (2.6), (3.2), and (3.3) the values for the Q's are

- \[1.1546 = 3.48 (3.5)

=
-—

1]
E] Fan]

—
a
>
—_—

]
w
oOl—
‘D,

Q

Q —
-2 W2 o1 <[ sese -
Q2 Wn2 8097 .5956 .955 ; (3.6)

Wn2

Both T](S) and TZ(S) have Q's in the low Q ranée (Q<10) and can be
synthesized by the Sallen and Key lowpass network shown in Fig. 12, repeated
for convenience from Fig. 6.

T3(S) contains only a real pole and Fig. 13 shows the network which
is commonly used to synthesize this type of transfer function. The amplifier

is used to isolate this stage from the next cascaded stage.
Element Values

The previous section showed that the Sallen and Key lowpass network
should be used to realize T](S) and T2(S). The circuit which will realize
the real pole of T5(S) was also presented.

The next step in the design is the calculation of the values for
capacitors, resistors, and amplifier gains which will give the active net-
works the desired transfer functions. Only the pole positions will be
important due to the fact that the constant multiplying each transfer func-
tion can be obtained by additional amplification or resistive attenuation
of the filter's response.

In addition to requiring the correct pole positions for each transfer

function, it is also desirable to make each pole as stable as possible with
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Figure 12. Lowpass Sallen and Key network.
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Figure 13. Network used to realize a real pole.
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respect to changes in component values. This is where the sensitivity
aspect of the design enters. Define the function M(C1, Cos Rys RZ,AB }s for

the Sallen and Key circuit, as

M=[s? |+ [sP |+ [s@ |+ [sP |+ 52 [+
Ry Ry Ry Ry Cy
s ‘b (3.7)
a - b
e [Scz ' SCz fle |t 5’3'

S; is the sensitivity of the real part of a particular pole with respect
1

to the component R], Sg is the sensitivity of the {maginary part of the

same pole with respect lo the component R], and the other terms are defined
likewise. The sensitivity functions give the percentage bhangé in the real
or imaginary part of a pole when a component changes by one percent.

Now if the element values are chosen to give the correct pole positions
and in addition to minimize the function M(R], Ro, Cqs Cz,ﬁs), then the average
of the absolute values of the pole sensitivities will be minimized. The
absolute values of the sensitivity functions are used because the positive
terms could cancel with the negative terms giving a small value for M even
though the individual terms were very large. For examplie, if Sg1= +100,

SR = +100, Sﬁ = -100, and ng = -100, these terms would cancel each other
evln though thgir magnitudes were large. The use of the absolute values of
these terms eliminates this difficulty. Since the sensitivity functions

are a measure of the movement of a pole when a component changes in value,

the minimization of M tends to stabilize a pole with respect to component

variations.
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The desired transfer function for Ty(S) from (3.2) is

1.1546
S2 + ,3091 S + 1.1546

Ty(S) = (3.8)

and the transfer function for the Sallen and Key lowpass active filter is

B/C1CoRy Ry
T(S) = 5 (3.9)
5 + [1/C]R] +1/C4Ry + (1-ﬁ3)/C2R2] S + 1/C1CoR R,

If the transfer functions in (3.8) and (3.9) are to have the same poles,

then the following two equations must be satisfied.
1/C,Ry + 1/C,R, + (1-8)/C,R, = 3091 (3.10)

and 1/C]CZR]R2 = 1.1546 | (3.11)

The multiplying term, EB/Q1C2R1R2, does not have to be equal to 1.7546
because this can be corrected, if necessary, by additional amplification or
resistive attenuation once the filter has the correct poles.

Table 1 gives values for Ry, Ry, Cqy, Cp, and & which satisfy equations
(3.10) and (3.11). The value of the function M is also given for each set
of element values. The table gives the minimum value for M (M = 25.21)
when Ry, Ry, and B are restricted to the following Timits: 1<R=10,
1<Rp <10, and 1=8<10. To conserve space, only a few of the possible sets
of elements near the minimum value of M are given (values were calculated
using a simple computer program).

The reasons for selecting the specific limits on Ry, Ry, and B are
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given below,

1.

Once the values for Ry, Ry, and B are given, Cy and C, can be deter-
mined from (3.10) and (3.11).:

The resistors are to be conétructed using the thick film process and

if multiple masks and different resistor inks are to be avoided then

the largest resistor range should be about 10 to 1. This 10 to 1 ratio
will be satisfied if 1<R7<170 and 1£Rp£10.

The smallest positive gain which can be achieved using an operational
amplifier is 3 = 1 corresponding to the voltage follower configuration.
When the operational amplifier is used in the noninverting mode, the
gain is given by 8 =1 + Zg/ip. If Zp and Zp are allowed to have values
such that .17 ZA 10Zg, then multiple masks and inks can be avoided if
the 1imits on B are 1.14£ 8 =11. By using the limits 1.0<@8 <10, both
the voltage follower and noninverting operational amplifier can be con-

sidered for the design.



TABLE 1

VALUES OF Ry, Ry, Cy» Cy, AND 3 WHICH SATISFY (3.10) AND (3.11) ALONG
WITH THEIR ASSOCIATED VALUE OF THE FUNCTION M. ALL ELEMENT SETS ARE
CENTERED ABOUT THE MINIMUM VALUE FOR M.

R, Ry C Co ol M
1,000 5.500  3.823  .04118  1.000  25.24
1.100  5.500  3.529°  .04056  1.000  25.22
1.200 5.500  3.286  .0399  1.000  25.26
1.000 5.900  3.784  .03880  1.000  25.26
1100 5.900  3.489  .03824  1.000  25.2]
1.200 5.900  3.244  .03770  1.000  25.25
1.000 6.300  3.749  .03667  1.000  25.29
1.100 - 6.300  3.455  .03618  1.000  25.24

1.200 6.300 3.219 .03569 1.000 25.27
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The element values which minimize M and give the active network
in Fig. 12 the correct poles (the poles of the transfer function

T](S) ) are R, = 1.100, R, = 5.900, C; = 3.489, C, = .03824, and 8 = 1.000.

] 1
The desired transfer function for T2(S) is

‘ .5956
To(S) = . 3.12
28) = T o0ez s ¢ 595 (3:12)

If the active network in Fig. 12 is to have the same poles as TZ(S), then

the following two equations must be satisfied.

1/CRy + 1/CR, + (1~/5)/C2R2 = ,8092 (3.13)

and 1/C]C2R] 5 = .5956 . (3.14)

Table 2 gives values for Rys Ros Cys Cy, and B which satisfy equations
(3.13) and (3.14). Again the sets of values are centered around the set
which minimizes the function M. From Table 2 the minimum value for M is
M= 7.51. Thus, the best element values for the active network in Fig. 12
are Ry = .9000, R, = 2.000, Cq = 1.991, Cp = .4685, and 8 = 1.000.

The desired transfer function for T3(S) is

- __ 5001
T3(8) = 55007 - (3.18)

The transfer function for the network which realizes the real pole is

1(s) = 2R (3.16)



TABLE 2

VALUES OF Ry, Ry, Cy, Cos AND S WHICH SATISFY (3.13) AND (3.14) AND
THEIR ASSOCIATED VALUE OF THE FUNCTION M. ALL ELEMENT SETS ARE CENTERED
ABOUT THE MINIMUM VALUE FOR M.

Ry Ry C C2 Ja; M

.6000  1.600  2.832  .6176 1.000  7.91
19000 1.600  2.145  .5435 1.000  7.58
1.2000  1.600  1.802  .4852 1.000  7.66
6000  2.000  2.667  .5226 1.000  7.86
9000 2.000  1.991  .4685 1.000  7.51
1.2000  2.000  1.648  .4246 1.000  7.58
.6000  2.400  2.574  .4529 1.000  7.91
.9000  2.400  1.888  .4117 1.000  7.56

1.2000 2.400 1.545 3774 1.000 7.63
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If the transfer functions of equations (3.15) and (3.16) are to have the

same pole, then the following equation must be satisfied.
1/RC = .5001 (3.17)
Since T3(S) has only a real pole, the M function must be redefined as
M(R,C) = Isg r+ ‘sg’ (3.18)

where a = -1/RC, the real pole. The sensitivity functions S& and 2 are
R C

independent of the values for R and C as shown below.

a_3a R_ 1 [_R T_._
SR * 3R " a 2c L[-T/RC] 1 (3.19)
a_2a €. 1 [ ¢ ..
and SC 5C 2 7 |TT/RC 1 (3. 20)

Therefore, M(R,C) = 2 and cannot be minimized by choosing values for R and C.
The only equation that R and C must satisfy is (3.17). Let R = 1.000
which makes C = 2.000, and B = 1.000.
The complete active filter is shown in Fig. 14, with each section con-
taining the appropriate element values decided on above. Note that since
B =1.000 for each section, the transfer function is exactly as desired. If
R was not equal to 1.000 then it would have been necessary to modify the"
design to achieve the constant multiplier for the transfer function. This
could have been achieved by resistive attenuation at the output of the filter,
if the filter's transfer function had a constant multiplier which was larger
than desired. If the filter's constant multiplier was smaller than desired,

the ﬁ of the stage which realized the real pole could have been increased
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Figure 14. The active filter, with normalized elements, which

satisfies the normalized attenuation characteristics of Fig. 10.
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to correct for this.

The specification of a 5 K& source and Toad impedance will not cause
any difficulty. Note that the output of the filter is taken from the output
terminal of an operational amplifier and hence the 5 K. load impedance will
not load down the circuit. The input of the filter contains a resistor
which will be in series with the source and by reducing this resistor (after

scaling the impedances) the 5 K L1 source impedance can be accounted for.
The Unity Gain Amplifier

Each of the active networks used to realize the above filter requires
a unity gain amplifier (8 = 1.000). A Motorola MC 1539G operational
amplifier can be used to closely approximate an ideal unity gain amplifier.

The model which approximates the MC 15396 operational amplifier is
shown in Fig. 15(a). The parametérs for the MC 1539G, as given by its

"a, 7, = #10% , and Ay = 1x10%.

specifications, are Z; = 3x10

Figure 15(b) shows the operational amplifier in the voltage follower
configuration.  Zjps Zgyts and ﬁ? represent the parameters of the voltage
follower and not the parametefs;of"the‘MC 15396. Figure 15(c) gives the
circuit model for the voltage follower and includes the parameters of the
operational amplifier.

Using (2.9b) and (2.9¢), the approximate values for the input and out-

put impedances of the voltage follower are

Zin * LA, = (3x10% ) (1x10%) = 3x10100 (3.21)



O—
+
)
&4
- 5
o 3x10
A Z, = 4x103
Ay = 1x10°
(a)
l 0 +
+o— |+ *ﬂ] Sout
€in
_'I r Zout 1
; s .
= Zin ﬁg= e?Ut
in
(b)
Z;
+ o A0 o+

(c)

Figure 15. (a) Circuit model for the MC 1539G operational
amplifier (b) voltage follower configuration using the
MC 1539G (c) circuit model for the voltage follower.
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2Ly (ax10%a)

and out
Ao (1x10%)

= .04Q . (3.22)

The exact expression for the gain, ﬁg , of the voltage follower (using

Fig. 15(c) is

g - Cout . Lo+ Ziky ax10® + (3x109)(1x10%)
ein o * Zi(1+ Ag)  4x103 + (3x10%)(1 + 1x10%)

.999990 : (3.23)

An ideal unity gain ampiifier would have Zin =00l | Zout = 0a, and
AB=1.000. Equations (3.21), (3.22), and (3.23) show that the voltage
follower using the MC 1539G closely approximates the ideal amplifier and
can be used as such.

The gain of the voltage follower must be stable if it is to be used
in the active filter networks. The parameters of the operational amplifier
(Zy, Zy, and Aj) will vary with changing temperature, tolerances, etc., and
since 8 is a function of these parameters, the sensitivity of 8 with
respect to Z;, Z,, and Aj must be small if B is to be stable. These
sensitivity functions are given below (calculations are simplified if

1+A, is set equal to Aj).

2
£ .38 I Lk .
Z. - 3L B 2
1 ! [Z4 + 244,
1047105
(9x10_")(10°) = 1.00x10°5 (3.24)

[3x10% + (3x109)(105)]2
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2

17 3L R~ z -
0 0 [Zo + Z;A,]
3y (2105
(4x107) (3x10%) = 1.33x10" 12 (3.25)

[4x10% + (3x105)(10%)12

2
S = -———BB . A—O— = Zo AO =
Ao aA0 R [ZO + Z-iAo]z
(16x10%)(10°) - 1.78x10-9 (3.26)

[4x103 + (3x105)(10%)1°

The above equations indicate good stability of 8 with respect to
changes in Z;, Z,, and AO. Since Sf can be interpreted as the percentage
change in B divided by the percentage change in k, a one percent change in
Z; would only change ﬁ3 by 1.00x1073 pertent; L{kewise, a one percent
change in Z, and A, would only changeﬁ_ by 1.33x10'12 percent and 1.78x10'9
percent respectively. a

Figure 16 shows the MC 1539G operational amplifier in the voltage
follower configuration. The compensation network conﬁEcted to pins 1 and 8
is given in the specifiéations'of the MC 1539G and must be used when the

device is used as a voltage follower.
Procedure for Tuning the Filter

Tolerances on the values of the capacitors and resistors result in
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Motorola
MC 1539G

Figure 16. Connections necessary to uséfthe MC 1539G operational
amplifier as a unity gain amplifier.
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differences between the actual elements and the elements required by the
design. Thus, each of the cascaded filter sections must be tuned for the
correct response.

The resistors will eventually be cbnstructed using the thick film
process and trimming them to tolerances of 1.0 percent to .1 percent is
possible. Variable ceramic capacitors with a maximum tuning range of
1-50 pF are also available for changing the values of the fixed capacitors.

The transfer function of the Sallen and Key active Towpass network is

repeated below for convenience.

B /R R,C,C
T(S) = 5 1% (3.27)

For both T1(S) and TZ(S)’ 3 = 1.000 and it has been shown that B is very

stable. Equation (3.27) can then be reduced to

1/R.R.C.C
T(s) = = 27 (3.28)
S2 4 [1/C1Ry + 1/C1R)T S + 1/R{R,C4C,

The poles of the transfer function in (3.28) are

p],z = "-5(]/C-|R] + 1/C]R2)
(3.29)

L3 V/RRYCCy - . 25(1/C1Ry + 1/CqRp)2

The real parts of the complex conjugate poles P and p, are independent
of the value of Cy. This suggests the following tuning procedure. Component

values from Fig. 12 are slightly changed (to allow for tolerances} so that
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one of the resistors R] or R2 can be trimmed to give the real parts of the
poles the correct value. A variable cabécitor can then be used to change
the value of 52 until the imaginary parts of the poles achieve the correct
values.

To realize the transfer function T1(S), it was shown that the best
component values for the Sallen and Key Towpass circuit were Ry = 1.100,
Ry = 5.900, €y = 3.489, Cp = .0382_4, and 8 = 1,000. The two equations

which thesé eTements must satiéfy'are

1/CRy + 1/CRy = .3091 (3.30)

and  1/R{RCC, = 1.1546 . (3.31)

In equation (3.30), f! has Eeeh eliminated by setting it equal to unity as
in the reduced transfer function of equation (3.28).

Ceramic chip capacitors with tolerances of : 10 percent and thick film
resistors (5 Ka/Q ink) with tolerances controlled to : 20 percent will be
used to construct the active networks. Substituting the worst case values
for Ry and C; into equations (3.30) and (3.31), the ranges over which R1
and C, must be tunable can be determined. Equations (3.30) and (3.31) can
be satisfied for Ry, = 5.900 z 20 percent and C; = 3.489 : 10 percent only

if it is possible to tune R1 and C, over the ranges

L9554 Rq% 1.320 (3.32)

and .0321 sczs .0468 . {2.33]
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If R1 is designed to have the value of .7640 I 20 percent, then it can
be trimmed up in value over the range ‘9555RI£]‘320‘ The trimming process
only increases the value of the thick film resistors and thus it is necessary
to set Ry = .7640 to allow for a possible 20 percent increase in its value
due to tolerance limits.

The normalized component values are R1 = .7640 ¥ 20 percent (R1 must
also have the ability to be trimmed to 1.320), Ro = 5.900 T 20 percent,
Cj = 3.489 T 10 percent, and the range for C, is .0321<C,%.0468. With
these normalized components, the filter's cutoff frequency is 2 = 1 rad/sec.
Scaling of the components is necessary if the specified cutoff frequency
of 8000 Hz is to be obtained.

If all of the resistors and capacitors are replaced by scaled values

using
R* = AR (3.34)
and C* = C/AB, (3.35)

(R and C are the components to be scaled, R* and C* are the scaled com-
ponents, A is the impedance scaling constant, and B is the frequency

scaling constant) then the scaled transfer function becomes
T*(S) = T(S/B) . (3.36)

If B = 5.027x104 then T*(S) will have the specified cutoff freguency
f_ = 8000 Hz or w_ = 2T¥f, = 5.027x10% rad/sec. This value for B will be
used to scale each of the networks realizing T1(S). To(S), and T3(S). The

value of A can change for each network since it has no effect on the
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transfer function.
With reference to the network realizing T1(S), let C1* be equal to a
standard capacitor value, then A can be solved for using equation (3.35).

Let C] = 3900 pF, then

A = /€78 = (3.489)/(3900x10712) (5.027x10%)

= 1,780x10% .
RT = AR = (1.780x10%)(.7640) = 13.53 K a ¥ 20%,
Ry = AR, = (1.780x10%)(5.900) = 105.0 ko ¥ 203,
g .. c
2min * 2max
B =0 =
*
0321 <4< 0468 ,
(1.780x10%)(5.027x10%) - ©(1.780x10%) (5.027x10%)

35.8 pF £ €5 < 52.5 pf

The capacitor C; can be tuned over the above range if it is composed of
a fixed 22pF capacitor in parallel with a vqriable 9-35 pF capacitor. The
scaled resistor R?-must also be capable of-being.trimmed to a maximum value
of AR]max = (1.780x104)(1.320) = 23.5 KQ. F{gure 17 shows the final circuit
for realizing the transfer function T?(S). This is the circuit which will be
constructed by the thick film process.

The network which realizes TZ(S) is also a Sallen and Key lowpass

network and the design for the scaled transfer function T;(S) follows that
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This resistor can be trimmed to a maximum of
23.5 K& for tuning purposes.

Figure 17. Active network for TT(S) which can be tuned for the
correct response,.
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of T;(s).

From the sensitivity calculations, the best normalized component values
for the Sallen and Key circuit (Fig. 12) when realizing T2 were found to be
R] = .9000, R2 = 2.000, C] = .4685, and 8 = 1.000.

Because of its good stability, 8 can be set equal to 1.000 in equation

(3.13) and the resulting equations that the components must satisfy are

1/C4Ry + 1/C4R, = . 8092 (3. 37)
™ 172

1/R]R2C1C2 = 5966 (3.38)

Equations (3.37) and (3.38) can be satisfied for R, = 2.000 T 20 percent
and Cy = .4685 T 10 percent only if it is possible to tune R] and C» over

the ranges

.7400$R]£1.210 (3.39)

and 4030£C,< 5470 . (3.40)

Because Ry will have a tolerance of T percent, it is designed to
equal .5920 so that it can be trimmed to values over the range of equation
(3.39).

The normalized component values are R1 = ,5920 ¥ 20 percent (also must
be designed so that it can be trimmed to Rypax = 1.210), Ry, = 2.000 20
percent, C] = .4685 T 20 percent, and the range of C, 1'5‘ .4030562‘5..5470.

The components are sté{ed'according to equéffdné (3.34) and (3.35).

The frequency scaling constant'B'is”égain equal to 5.027x104 because it was



determined to scale the entire cascaded filter's response from 1 rad/sec
to 5.027x]04rad/sec = 8000 Hz.
Let C; = 150 pF, then A is given by

A = c]/c;s = (.4685)/(150x10-12)(5.027x10%) = 2.640x10°

RY = AR = (2.640x10%)(.5920) = 156.0 K ¥ 20% ,
R = AR, = (2.640x10%)(2.000) = 528.0 K ¥ 203 ,
Camin écg < Comax
B AB
4030 <0< 5470 \
(2.640x10%)(5.,027x10%) (2.640x10°)(5.027x10%)

30.2 pF € C, £ 41.2 pF .

The tuning range for CZ (above) can be satisfied if a fixed 22 pF
capacitor in parallel with a 7-25 pF variable capacitor is used. The

resistor R? must also be designed so that it can be trimmed to a maximum

value of ARy = (2.640x10°)(1.210) = 319.4 KQ. Figure 18 shows the
final circuit for T;(S).

The active network which realizes the transfer function TB(S)

(Fig. 13) can be tuned by trimming the resistor R. The equation which the

resistor and capacitor must satisfy is

52
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+15

Motorola
MC 1539G

output
156 Ko ¥ 20% | 528.0 Ko T 20% 3
O—— NN — A
input
22 pF ‘L 7% 7-25 pF
+ 10%

o

This resistor can be trimmed to a maximum of
319.4 K for tuning purposes.

Figure 18. Active network for T;(S) which can be tuned for the correct
response.
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1/RC = .5001 . (3.41)

The values for R and C, determined previously, are R = 1.000 and
C = 2.000. Again the capacitor C has t 0 percent tolerance. The limits

on R, such that it can be trimmed for the correct response, are
9091 € R <1111 . (3.42)

To allow for the LT percent tolerance on R, it is given the value R =
7273 % 20 percent.
Let C* = 100 pF ¥ 10 percent, then

A= C/C*B = (2.000)/(100x10712)(5.027x10%) = 3.979x10°

*

R¥ = AR = (3.979x10°)(.7273) = 289.4 Ko .

*

Rpax = ARpax = (3.979x105)(1.111) = 442.1 KL .
Figure 19 shows the active network which realizes Tg(s). The resistor
R* has been decreased by 5 K& to allow for the specified source impedance.
Note that the source impedance can change by 20 percent or 1000 fL  without
much change in the designed resistance R (approximately .3 percent).
When the components were scaled the transfer functions changed according
to the equation T*(S) = T(S/B). The scaled transfer functions corresponding

to T](S), T,(S), and T3(S) are (see equations 3.2, 3.3, and 3.4)



3900 * 204

Motorola

MC 1539G — ©

5 KQ T 204 284.4 Kat204 3
oS VAVAVA

Source
—

~ 100 pF * 10%

This resistor can be trimmed to a‘maximum of 437.1 KL for
tuning purposes. _

Figure 19. Active network for T;(S) which can be tuned for the correct
response. :
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9
2.912x10 . s (3.43)

S™ + 1.554x10° S + 2.919x10

-
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* i 1.502X10 9 % (3.44)

S+ 4.068x10 S + 1.505x10
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o
il
]
™)

2.514x10%
S + 2.514x10

and T3(S) = T4(s/B) = T (3.45)

Figure 20 shows the poles of the above transfer functions and the areas
in which they can move and still satisfy the-spécificationg} Figure Zd
gives the same information for the scaled transfer functions as Fig. 11 gives
for the normalized transfer functions.

As stated previously, the tuning procedure for the Sallen and Key type
circuits is to trim the resistor RT until Fhe real paﬁt of each pole has the
correct value then tung the capabitdr CE to obtain:thé correct imaginary part
of each pole. It is necessary to trim R?.befére tuning C; since the imaginary
parts of the complex poles depend upon the value of RT. The real parts of
the poles are independent of the value for C; and once the correct values for
the real parts of the poles are fixed by R?, the imaginary parts can be tuned
to the correct values using C; without affecting the real parts of the poles.

Figure 21 shows a method for measuring the real part of the complex
poles of the Sallen and Key circuit which realizes TT(S). The exact pole
positions are at -7772 4 j 53440 on the complex plane. If the real part of
the complex poles can be placed between the lines AA' and BB', then the

capacitor C; can be tuned to place the poles in the shaded areas. The real



jeo
S-plane
complex conjugates of 53960
the poles are not shown
.53440
52930
33290
33040
132790
AN N -
PRNONSN
-25140 -20340 -7772
-25640 -24640 -20840 -19840 -7872 -7671

Figure 20. Poles of the scaled transfer function which satisfies the
design specifications. Shaded areas show the permitted pole move-

ments which will still meet the specifications.
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Figure 21. Method for obtaining a turiing chart for the scaled
poles S = -7772 + j53440.
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Magnitude
{
4.0 L - _

2.0 i i z | ! . i g f i w2 I. . Phase
-60 -70 -80 90  -1d0 110 in
degrees

Figure 22. Tuning plot for the poles of T;(S).
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part of the poles is not dependent upon the value for C; and hence,
changing its value only moves the poles in a direction parallel to the
Jw axis.

The complex poles are first considered to be at the positions -7872
I jC. Now consider the magnitude and phase of the response when the
frequency is f = 53440/2T" = 8505 Hz. The magnitude of the response is
related to the product of the 1ength§.6f the solid lines shown in Fig. 21.
The phase angle of the response is given by the sum of the angles + @y and
- @5 also shown in the figure. If C is allowed to take én different values
along the line AA', then a p10t'df'magnitudé vs. phase angle for poles on
the Tine AA' can be obtained. If the same procedure is repeated for the
poles moving along the line BB', the plot shown in Fig. 22 results. The
frequency at which these measurements are taken remains constant at the
value f = 8505 Hz.

If the resistor R? is trimmed until the measured phase angle and
magnitude of the response falls between the two lines in Fig. 22, then the
real part of the poles will have a value between the lines AA' and BB' in
Fig. 21. Once the real part of the poles falls in this region, C; can then
be tuned to place the poles in the shaded areas of Fig. 21. The phase and
magnitude for the exact pole positions are shown by the point in Fig. 22,
and tuning of CE will place the phase angle and magnitude of the response on
or near this point.

The magnitude vs. phase angle plot for tuning the second set of complex
poles at - 20340 4 j 33040 (see Fig. 20) is obtained by the same procedure
as above. The only change is in the frequency at which the response is

measured. For this set of poles the measuring frequency is given by



61

f = 33040/217 = 5254 Hz. The plot for the second set of poles (the poles
of T;(S) ) is given by Fig. 23.

The tuning setup for the Sallen and Key type circuits is given in
Fig. 24(a). The procedure for tuning the poles of the active network which
realizes T?(S) is described below.

1. The audio oscillator is set at the frequency f = 8505 Hz.

2. The resistor R? is trimmed until the measured magnitude and phase angle
of the response fall inside the two curves shown in Fig. 22.

3. The capacitor Cg is then tuned to move the magnitude and phase angle as
close as possible to those of the exact pole positions shown in Fig. 22.

The tuning setup of Fig. 24(a) is also used to tune the network rea-
1izing TE(S). The audio oscillator is set at f = 5258 Hz, and the magnitude
vs. phase angle plot of Fig. 23 is used when trimming the resistor RT and
the capacitor CE.

The unity gain amplifier used in the tuning setup of Fig. 24(a) con-
tains an operational amplifier so that the source impedance is approximately
zero. The unity gain amplifier of the preceding cascaded stage can be used
in the tuning setup. This will be described later.

The tuning procedure for T;(S) is simplier than the one used for T;(S)
and T;(S) because only a single pole is involved. The exact pole position
for T;(S) is p = -25140 but the filter specifications are satisfied if the
pole falls in the range -25640 < p < -24640 (see Fig. 20).

The transfer function for T;(S) is

i 2.514x10%
(S) = 3
S + 2.514x10
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Figure 23. Tuning plot for the poles of T;(S).
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Figure 24. Tuning setups (a) for the Sallen and Key circuits (b) for
the real pole network.
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and if the phase angle of the response of this transfer function is measured
at the frequency f = 2.514x104/21T'= 4001 Hz, it is found to be - 45°.
The transfer functions corresponding to the Timiting pole positions

given in Fig. 20 (i.e. -25640 € p < -24640) are

: 4
Tg(S)' _ 2.564x10 . (3.46)
S + 2.564x10
o T;(S),,z 2.464x10% (3.47)
S + 2.464x10"

Now if the transfer functions in (3.46) and (3.47) are measured at the same
frequency as T;(S), f = 4001 Hz, then the resulting phase angles are -44.4°
and -45.6°,

The tuning setup of Fig. 24(b) is used to tune the network which realizes
T;(S). The resistor R* is trimmed until the measured phase angle falls in
the range -44.4° to -45.6°. The closer the phase angle is to -45° the closer

the pole is to the exact position on the real axis, -2.514x104.
The Effect of Changing Temperature

The ceramic capacitors and thick film resistors used to construct the
active filter will change in value when the temperature changes from 25° ¢
(room temperature). If the active filter is tuned for the correct response
at room temperature, then the response will change when the temperature
deviates from room temperature.

This section of the paper shows how the response of the active filter

is changed when the temperature varies. The next chapter uses the results of



65

this section to calculate the temperature fange over which the filter's
response satisfies the specifications.

The results of this section are based on two assumptions. First, it
is assumed that all the resistors and capacitors of the filter are at the
same temperature. The temperature is approximately uniform over the reduced
surface area obtained by the use of thick film circuits. Since the thick
film resistors are all made from the same ink and the capacitors are all of
the ceramic type, the second assumption is that all the thick film re-
sistors have the same percentage change and all the capacitors have the same
percentage change when the temperature deviates from room temperature.

A general Towpass second order transfer function and the reduced

Sallen and Key lowpass transfer function ( 8 =1.000) are given below.

W

T(S) = = L 5 (3.48)
$% + (w,/Q) S + w,

> _ (3.49)
S< + [1/C1Ry + 1/C1Ra] S + 1/C1CR{R,

T(s) =

Using equations (3.48) and (3.49) the Q factor and W for the Sallen

and Key lowpass network are

\fC]C2R1R2

Q= tR T CR

(3.50)
2t T bRy
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1

V C1CoR R,

W

and (3.51)

The following sensitivity functions can be obtained from equations

(3.50) and (3.51):

i | -
sC1 sC2 /2, (3.52)
R, - R
Q¢ __ @ . [1 2]
Sg = =83 == 1/2 , (3.53)
Ry R, Ty + Ry
W W W
and SC“=s"=s"=s“--1/2 (3.54)

If the temperature changes from room temperature by the amount AT,
denote the changes in the components Ry, Ry, Cy, and Cp by ARy, ARy, ACy,
and ACo. The term AQ is defined as the change in Q when the temperature

changes by the amount AT or since Q is a function of Ry, Ry, Cy, and Cp,
Q = Q(R] + AR]s ‘RZ + ARZs C] + AC}, Cz ¥ ACE)_ - Q(R'l, Rz, C-l, CZ)

Using the first order terms of a Taylor series expahsion, AQ can be

approximated by

o .
aqQ = —§—p$ ARy -+,§ES‘AR2‘+;"_33TZ%AC1 t TB—CSMZ A8
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Using the definition of the sensitivity function, equation (3.55) can

be expressed as

Q = SR R + SR R + SC C + SC C . (3-56)

Wy Wy ARy wy ARo w, Al Wy ACo

Sl 5 e 8 (3.57)
Ry Ry 77 &7, G

If the sensitivity functions of‘gquations (3.52) through (3.54) are

substituted into equations (3.56) and (3.57), the results are

C c
+ 172 %—-‘- %J (3.58)
] 2

and

W Ry AR, AC; AC
émﬂh]/z[AU 2 o 2 AZ] (3.59)

+
W R1 | R2 C.l C2

RT’ R2, C], and C2 are all assumed to be at the same temperature (25°C +
AT) and since the percentage change in R1 is equal to the percentage change

in R2 for changes in temperature,

< =R - (3.60)

Also C] and Co have the same percentage changes for changes in temperature



68

thus

- (3.61)

Using equations (3.60) and (3.61), the equations (3.58) and (3.59)

reduce to the simple expressions

%.Q w (3.82)

and Aw”=-[AR+ ACJ ’ (3.63)

The above equations are approximations since the second order terms were
neglected in (3.56) and (3.57). Note that in equation (3.63) the subscripts
are dropped on R and C since AR/R = ARy/Ry = ARy/Ry and AC/C = ALy/Cq =
AC2/Co.

Equations (3.62) and (3.63) are important because they show that for
a change in temperature AT (from room temperature), the change in the Q
of a Sallen and Key lowpass network is approximately zero. Only the w, temm
is affected and the change Aw, is proportional to the sum of the changes
AR/R and AC/C of the resistors and capacitors.
T'(S) is defined as the transfer function of a Sallen and Key lowpass
network which is altered by a change in temperature AT from room temperature.
Using equations (3.48), (3.62) and (3.63), T'(S) can be expressed as

(Wp *+ Awp)?

5% 4 (wy + Aw,}/Q S + (w, + Awn)z

T'(S) = (3.64)
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[fw =1+ AW, /W, , then the expression for T'(S) above can be
written as

WZ

T'(S) = (3.65)

n
(sm")? + [wn/Q) (S/w') + w2

Equation (3.65) indicates that the téansfer function T'(S), which is the
transfer function of a Sallen and Key lowpass network at the temperature
259C + AT, is equal to T(S/w') where T(S) is the transfer function of the
same Sallen and Key network at 25°¢,

The term w' =1+ Aw,/w, =1 - [ AR/R + AC/C] acts like a frequency
scaling term and shifts the response of T(S) in frequency but the shape of
the response remains the same.

It can be shown that the real pole network acts in the same manner as
the Sallen and Key network with respect to changes in temperature. If

Tp(S) represents the transfer function of a real pole network Tike

TS - T
p

then using the same type of analysis that was used for the Sallen and Key
network, it can be shown that Tﬁ(S) = Tp(S/w'). Té(S) is the transfer
function of the real pole network at the temperature 259C + AT, Tp(S) is
the transfer function of the same network at 25°C, and w' is the same term
used for the Sallen and Key network i.e. w' = 1 -[AR/R + AC/C].

Now the transfer function of the designed active filter is T*(S) =
T(S) T5(S) T3(S), where the terms TJ(S), Tp(S) and T3(S) are given by
equations (3.43), (3.44) and (3.45). The transfer function for the active
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filter at the temperature 25°C + AT can then be represented by T*'(S) =
TTT(S) Tg'(s) T;-(s), where T7'(S), T;'(S) and T§'(S) are the transfer
functions of the networks which realize TY(S), T5(S) and T3(S) when the
temperature is 259C + AT. The effect of a change in temperature of AT
is only to scale the transfer functions TT(S), T;(S) and T4(S) by the

term w', thus
TEU(S) = TH(S/M') To(S/m') B (S/w")

or T*'(S) = T*(S/w') . (3.66)

Equation (3.66) has the following interpretation. If T*(S) is the
transfer function of the active filter at 25°C and T*'(S) is the transfer
function of the same filter at 250C + AT, then T*'(S) = T*(S/w') where
w' =1 - [AR/R + AC/C].

Equation (3.66) provides a practical way to determine the response
of the active filter at different temperatures. The results of this
section are used in the next chapter to determine the temperature range

over which the active filter will satisfy the specifications.
Final Thick Film Circuits -

Because the thick film process for making circuits depends on
materials and equipment available, individual choice of layout, etc., the
process will be summarized instead of giving the details of the procedure

for the particular active filter circuits. A summary of the thick film

process for making circuits is given below.
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1. Design a suitable Tayout consistent with available substrate sizes,
thick film resistor and conductor inks, and ceramic chip capacitors.

2. Prepare Rubylith master plates of the resistor and conductor patterns.

3. Photoreduce the Rubylith master plates to the size of the substrates
on which the thick film circuits are to be constructed.

4, Prepare stencils and transfer them to the silk screens.

5. Print the resistor and conductor inks onto the substrates using the
prepared silk screen and a silk screen printer. |

6. Allow the substrates to air dry, then fire them in a furnace.

7. Attach the leads, operational amplifiers, and ceramic chip capacitors
to the substrates.

8. Trim the thick film resistors.

There are three topics involved with the above process which deserve
special attention with regard to the active filter design. These topics are:
the use of top hat thick film resistors to allow for large trimming ranges;
the thick film circuits used to realize each of the transfer functions
TT(S), T;(S), and TE(S); and the final connection of these circuits to
complete the active filter.

Figure 25(a) shows a typical top hat thick film resistor. If the

resistor is made from 5 K&Q/O ink, then the approximate resistance before

trimming is
Rgr = (5 ka/m )( 20+ 10 +20 ) = 25 K . (3.67)

Most of the current passing through the resistor passes through only the

3x3 square of the top hat portion of the resistor thus giving only one
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square in equation (3.67).
Figure 25(b) shows the top hat resistor after trimming and its

approximate resistance is
Ryt = (5 KQ/o) [150+ 4(1/2)0] = 85 KL . (3.68)

The resistors at the corners are counted only as one half of a square.

The difference in the values of Rgy and Rpt indicates the Targe range
of trimming available when top hat resistors are used. Top hat resistors
are used to make the resistors RT of the Sallen and Key type circuits and
R* of the real pole circuit so that the designed range of resistance needed
for tuning can be achieved.

Figure 26(a) shows the unity gain amplifier used in each of the active

networks for TT(S), T;(S), and Tg(s). The substrate is 1* x 1". The
operational amplifier is not shown connected to the substrate but the
circled numbers on the conductors indicate the proper connections.

Figures 26(b), 27(a), and 27(b) show the thick film circuits which
contain the passive components for TT(S), T;(S), and Tg(S) respectively.
The ceramic chip capacitors are shown and the positions of the variable
ceramic capacitors are indicated by the dashed lines. The resistors
which are to be trimmed, for tuning the network, are also shown. Each
of the substrates containing the passive components are 1" x 1'".

The resistor ink used to make the resistors for the passive networks
was measured to be 15.5 Ka /O instead of the 5 Ka /O as labeled. The
resistors in Figs. 26(b), 27(a), and 27(b} are designed using the measured
value rather than the labeled value of the resistor ink.

Figure 28 shows the final active filter. Each of the networks of
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Figure 26. {a) Unity gain amplifier (b) passive network for TT(S).
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Figure 27. (a) Passive network for T;(S) (b) passive network
for T3(S).
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Figure 28. Printed circuit board with substrates connected.
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Figs. 26 and 27 are mounted on a printed circuit board as indicated by

the numbers on the external leads for each circuit. The substrates 1ie on
top of the copper conductors and the leads are soldered directly to the
copper. The input, output, ground and power supply terminals of the filter
are indicated on the copper conductors of the printed circuit board.

It was mentioned in the section on tuning the active filter that the
unity gain amplifier of each preceding stage could be used as a Tow
impedance source when tuning the filter. Figure 29 indicated how this
can be done. The unity gain amplifier for both T§(S) and T;(S) are
soldered to the printed circuit board. Then the passive network for TT(S)
is soldered into place. If the oscillator of the tuning setup, as shown
in Fig. 24(a), is connected to the unity gain amplifier of T;(S) at pin 3,
as indicated in Fig. 29(a), then the circuit of Fig. 29(b) is the result.
Figure 29(b) shows the unity gain amplifier of T;(S) being used as a low
impedance source for the active network which realizes T?(S). I[f this
procedure is used, then there is no need to use the amplifier shown in the
tuning setup of Fig. 24(a). After the network for TT(S) is tuned, the
unity gain amplifier of T;(S) can be used to tune the network for T;(S).
T;(S) can also be tuned without the use of an additional amplifier by
placing the appropriate impedance in parallel or series with the oscillator
so that the total source impedance for the oscillator is 5 Ka as specified.

This completes the design of the active filter which satisfies the
specifications on pages 25 and 26. It is self evident that the use of
thick film circuits to build the filter presents no problem in the design.

In fact, the top hat resistors provide the large trimming range necessary

to tune the filter.
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CHAPTER 1V
MEASUREMENTS AND RESULTS

This chapter presents the measurements made on the performance of the
fabricated thick film filter which verify that the specifications on
pages 25 and 26 are satisfied. A discussion of the advantages and design
considerations resulting from the use of thick film circuits concludes

the paper.
Equipment

Below is a Tist of the equipment used in tuning the filter and in

making the final measurements.

General Radio oscillator model 1309A

AD-YU phase meter modeT'3800_

Eldorado Electronics frequency meter model 225 -
Dana digital multimeter model 3800

Dremel hand grinder model 270
Tuning

The tuning procedure described in the last chapter was used to tune
the filter. The equipment listed above was used as shown in the tuning
setup of Fig. 24. The thick fiim resistors were trimmed using the Dremel

hand grinder. Frequency measurements were made using the Eldorado

79
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Electronics frequency meter whjch has a four place digital readout with
accuracy I one digit.

No trouble was encountered in the tuning process. Using the Dremel
grinder, it was possible to remove small enough portions of the thick
film resistors so that the poles could be placed within the Timiting curves
of the magnitude phasé p]oté of Figs. 22 and 23. In fact, the poles were

easily placed much closer to the desired positions than required.
Measured Performance of the Filter

Figure 30 shows the measured frequency response of the active filter.
The input voltage Vi was kept constant at 1 volt rms and the output
voltage Vgt was measured across a 5 K& Toad impedance as required by the
specifications.

Figure 30(a) shows the response of the filter over the passband
frequencies 0-8 KHz. The maximum ripple in the passband is shown as .26 dB.
Figure 30(b) shows that the response is down 21.8 dB at the frequency
12 KHz. Thus the response is well within the Timits given by the speci-
fication (i.e. less than .5 dB ripple in the passband and down more than
20 dB at the frequency 12 KHz).

Two other measured quantities are important to the user of the filter.
These are the power drain on the power supplies used to bias the operational
amplifiers and the maximum input voltage which can be applied to the filter
before clipping occurs at the output.

The power drain on the power supplies under operating conditions was
measured to be .32 watts. The maximum input voltage which can be applied

to the filter was measured to be 8.2 volts rms.
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Figure 30. (a) Measured response of the filter in the passband
0-8 KHz (b) measured response near 12 KHz.
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A photograph of the thick film active filter, which was tuned and

tested, is shown in Fig. 31.
Temperature Stability

Using the results of the analysis on the effect of temperature changes
on the filter's transfer function presented in Chapter III, it is possible
to determine the temperature range over which the filter can operate and
still satisfy the specificatiohs.

It was shown in Chapter III that if the temperature changes by an
amount AT, the transfer function of the filter at 25°C changes from
T*(S) to T*(S/wt). T™(S) is the transfer function which gives the measured
response shown in Fig. 30 and the term w' act like a frequency scaling
constant and shifts the response in frequency.

Figure 32 shows expanded portions of the measured response near the
frequencies of 8 KHz and 12 KHz. Figure 32(a) indicates that the response
can be shifted to the Teft by scaling the frequency 8.25 KHz to the
frequency 8 KHz by means of the term w'. The value for w' which will

accomplish this shift is determined below.

8.25/w' = 8.00
or w' = 1.03 (4.1)

Figure 32(b) indicates that the response can be shifted to the right by
scaling the frequency 11.65 KHz to 12.00 KHz. The value of w' which
accomplishes this is

11.65/w' = 12.00
or w' = .97 ; (4.2)



Figure 31. Photograph of the tuned thick film filter.
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Figure 32. (a) Measured response near the frequency 8 KHz.
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In other word§, if w' is in the range .97 4w'<£ 1.03, the measured response
will be shifted in frequency but it will still satisfy the required
attenuation characteristics.

The term w' is equal to 1 =[AR/R + AC/C]. The limits placed on w'

also limit the values that the quantity [AR/R + AC/C] can have.

97<1 - [AR/R + AC/C]21.03
or -.032[ AR/R + AC/C]4£+.03 (4.3)

The quantity AC/C for the ceramic capacitors as a function of temper-
ature is shown in Fig. 33(a). This information was given in the capacitors'
specification. The quantity AR/R for the thick film resistors (labeled as
5 Ka/o) as a function of temperature is shown in Fig. 33(b). The
temperature characteristics of the thick film resistors were obtained from
the measurement of eight resistors at three different temperatures 0°c,
259C and 100°C.

The rough approximation of the resistor temperature characteristics
is sufficient because the magnitude of AR/R is all that is required.
Figure 33 shows that AC/C is much greater than AR/R over the temperature
range of interest. Thus [AR/R + AC/C]= AC/C. Using this approximation

in equation (4.3) gives the following limits on AC/C:
-.03 £AC/C£+.03 ‘ (4.4)

Now referring to Fig. 33(a), the temperature range over which the quantity
AC/C satisfies the 1imits in equation (4.4) is found to be 100C to 40°C.

Thus the active filter is stable over the temperature range from 10°¢C to
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40°C‘(1.e., it satisfies the specified attenuation characteristics over this
temperature range).

It has been shown that the thick film active filter designed in
Chapter III satisfies all of the original specifications stated on page 26.
The temperature stability of the filter could not be checked because a
temperature controlled chamber was not available but from the above analysis,
it is reasonable to assume that the filter has good temperature stability

over the range 10°C to 40°C.
Conclusions

A thick film active filter which satisfies a set of initial speci-
fications has been designed and constructed. Once the filter realization
and normalized components were found, the following considerations were
necessary in order to build the filter using thick film techniques.

1. The components were scaled so that their final values were compatible
with the range of ceramic chip capacitors and thick film inks available.

2. A tuning procedure, which allowed for the tolerances on the capacitors
and thick film resistors, was determined. This procedure was based on
the large trimming range of thick film resistors designed in the top-
hat configuration.

Obviously the use of thick film circuits in the design of the filter
presented no problems. In fact, definite advantages resulted from the
use of thick film circuits. These are:

1. The filter was reduced in size and made more compact.

2. The large trimming range of the tophat resistors simplified the tuning

procedure.
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3. The high temperature stability of the thick film resistors made the
filter's temperature stability dependent only upon the capacitors. If
a more stable response is desired, it is only necessary to use better
capacitors.

The simplicity of the temperature stability analysis was based on the
fact that AQ/Q was approximately zero for changes in temperature. If
different types of thick film resistor inks are used to fabricate the active
filter, AR/R is not necessarily the same for each thick film resistor and
the simplified expression for AQ/Q and Aw,/w, given by equations (3.62)
and (3.63) can no longer be used. Instead, equations (3.58) and (3.59) can
be used to calculate the changes in Q and w, and hence the change in the
filter's response with changing temberature.

The design procedure followed in Chapter III can be applied to any
filter problem which uses Sallen and Key type circuits for the realization.
In applying the procedure to other types of circuits (frequency emphasizing
networks and state variable realizations), the same steps of the design

procedure can be followed but modifications will be necessary.
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ABSTRACT

Three types of second order active RC realizations, which are present
in the current literature, are discussed and it is shown that the Sallen
and Key type, the frequency emphasizing type, and the state variable type,
should be used to realize low, medium, and high Q poles respectively.

A set of lowpass filter specifications is approximated by a 5th order
Chebyshev transfer function and a filter realization is achieved using a
real pole network and two Sallen and Key lowpass networks. Component
values are chosen to give the correct pole positions and in addition to
stabilize pole movements. A tuning procedure which allows the active
filter to be constructed using ceramic chip capacitors and thick film
resistors is described. Thermal effects on the filter's response are
discussed and the final thick film circuits are shown.

The fabricated thick film active filter was easily tuned to meet the
required specifications and the response was shown to be stable over the

range of temperatures from 10°C to 40°C.



