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ABSTRACT

A completely general characterization of ac-
tive filters employing finite-gain amplifiers con-
structed from operational amplifiers is presented.
Conditions for zero pole-, w.-, and Q-sensitivities
with respect to the time conftraints of the opera-
tional amplifiers are developed. These conditions
impose constraints only upon the gain functions of
the finite-gain amplifiers. Several finite-gain
amplifiers are presented that satisfy the zero-sen-
sitivity constraints and thus their use in any
existing active filter employing finite-gain ampli-
fiers results in a zero-sensitivity design. A per-
formance comparison of an existing active filter
using a conventional finite-gain amplifier with the
same filter using the zero-sensitivity finite-gain
amplifiers is made.

INTRODUCTION

At high frequencies the performance of active
filters using operational amplifiers is affected by
the properties of the operational amplifiers them-
selves. Geiger and Budak (1) have recently shown
that it is possible to design active filters that
possess zero pole-, wy-, and Q-sensitivity with
respect to the operational amplifier (OP AMP) time
constants. These zero-sensitivity filters were
shown to be much less dependent on the properties
of the OP AMPs than are conventional filters. It
is shown in this paper that an interesting subset
of these zero-sensitivity active filters are those
that result from replacing the finite-gain ampli-
fiers of any existing design employing finite-gain
amplifiers with special finite-gain amplifiers
henceforth referred to as zero-sensitivity ampli-
fiers. As in the general zero-sensitivity design,
no matching of the OP AMPs is required to obtain
the zero-sensitivity properties of the filters em-
ploying the zero-sensitivity amplifiers.

In Part I the general characterization of ac-
tive filters employing finite-gain amplifiers is
discussed. The transfer function of the active
filter is written in a form that explicitly shows
the effects of the freguency dependent nature of
the finite-gain amplifiers.

A discussion of existing finite-gain amplifiers
appéars in Part II. The constraints on the gain
function necessary to obtain a zero-sensitivity
amplifier are developed and several zero-sensitiv-
ity amplifiers are subsequently introduced.

A comparison of the performance of an active
filter using a conventional finite-gain amplifier
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is. made with the same active filter using.a zero-
sensitivity amplifier in Part III. This comparison
may be considered as representative for comparing
active filters using conventional versus those
using zero-sensitivity amplifiers.

PART I

The general active filter employing finite-
gain amplifiers is . shown in Fig. 1. The frequency
dependent nature of the finite gain amplifiers 1is
emphasized by the gain functions K;{s), i=1,...m.
Ideally Ki(s) should be independen% of s.
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Since most existing active filter sections use
at most two finite-gain amplifiers and many use
only one, the analysis here will be done for a sin-
gle finite-gain amplifier. Results only will be
stated for multiple finite-gain-amplifier active
filters; however, these results are easily -attain-
able by a straightforward extension of the analysis
of the single-amplifier case.

With m=1 in Fig., 1, the transfer function of
the active filter may be written in the form

To1 ¥ K90(T41 T3~ T21Ta3)
Voo (K (8) =Ky o) (Tgy o5 = Toy Tyg)
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where Ts are transfer functions associated with the
passive network, Kyy is the desired gain (ideal) of
the finite-gain amp?ifier, and K](s) is the actual
gain.

After multiplying through by the least common
multiple of all denominator polynomials of the pas-
sive transfer functions, [1] may be expressed as:

v

Vo _ No Kyl F I (s) - g oI,
Y

+K]OD]'F[K](S)- K]Ojb]

[2]

where Ns and Ds are polynomials in s dependent
only upon the passive network of Fig. 1. The ef-
fect on the transfer function of any departure of
K](s) from Kig is explicitly brought out in [2].

PART I1

- Various means have been used in the past to
improve the performance of finite-gain amplifiers.
First- and second-order compensation of uncompen-
sated operational amplifiers requiring one and two
external capacitors respectively whose values de-
pend upon the properties of the OP AMP is dis-
cussed in text books and manufacturer's applica-
tions notes. Improved finite-gain amplifiers using
only resistors and internally compensated OP AMPs
have been discussed recently (2), (3), and (4).
Reddy (3) has contributed designs requiring two
OP AMPs that have a variable phase shift that can
be adjusted by changing an external resistor, and
Geiger (4) has introduced the maximum-bandwidth
amplifiers.

In this paper consideration will be given only
to those finite-gain amplifiers that are realized
with resistors and internally compensated OP AMPs.
The design of several two-0P AMP finite-gain ampli-
fiers that result in zero-sensitivity active fil-
ters when used 'in any existing active filter em-
ploying finite gain voltage amplifiers are pre-
sented, . ] . )

It is assumed that the OP AMPs
are all internally compensated with
infinite input impedances, infinite.
rejection ratio, and with a voltage
that can be approximated by (5) -~

discussed here
zero output -and
common-mode
gain function

AGs) = L [3]

where the OP AMP time constant t (in seconds) is
the reciprocal of the gain-bandwidth product (in
radians per second). The OP AMP is thus ideal when
T=0.

If p is a pole (or zero) of [2] which is the
transfer function of a network containing n OP AMPs ,
then it can be expressed in a Maclaurin expansion
as

+ higher order terms.
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The pole sensitivity is defined to be the pole de-
rivative (1), (6). Thus if the pole sensitivity
of each desired pole with respect to each 0P AMP
time constant is zero, only second- and higher-
order time constant terms appear in the Maclaurin
expansion for the pole positions rendering the
transfer function quite insensitive to the 0P AMP
time constants,

The w_, and Q sensitivities are Tikewise
defined to be equal to the derivatives of the re-
spective functions where wy and Q are respectively
the pole resonant frequency and pole Q. It fol-
lows that the Wy and Q sensitivities are zero when
the pole sensitivity is zero.

It can be shown that to obtain zero pole-
sensitivity and zero zero-sensitivity for the
transfer function given in (2) it is necessary and
sufficient that the numerator polynomial of
[K]O— K1(s)] contains no first-order time-constant
terms (1),
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Fig. 2 General finite -gain amplifiers

The general single-OP AMP and two-OP AMP
finite-gain amplifiers employing only resistors
and OP AMPs are shown in Fig. 2. The gain func- '
tions for these general amplifiers are respectivelys

Yor __Ga3 [5]
Vi C41 + T]S
Yoz _ €253~ C43%52 = T25%3 (61
V. 7
T CgqChp 7 Cgplhy FTySCh tTpSeyy FTyT,S
Vi
where i3 T VT for ke {1,2,3} - {j} is the
Jjlv, =
k



transfer function of the resistive network from
terminal j to terminal i. The Tower case ”c"'has
been used in the transfer functions to emphasize
the frequency independent nature of these transfer
functions. '

The numerators of [K 0" K,{s)] are for the
single- and two-OP AMP cales réspective]y:

Nl(s) = KygCa1 + C43 + 1Ky {71

Np(s) = KyolegiCop ™ C4o%s13 ¥ Caos2 ™ ©a2%3 4
T

115K, 0Cg2 + o5 (Cq1Kq0 7 S43) HKy0™y

+

2
5.
is the desired dc gain, it follows from
[7] that it is impossible in the single-0P AMP case
to satisfy the zero amplifier-sensitivity condition
that N1(s) contains no first-order time-constant
terms.

The conditions for zero sensitivity with
respect to both 0P AMP time constants in the two
0P AMP case .

Since Klo

C.r, = 0

52
(9]

and

=0

€43

1 90
are, however, realizable. It follows from [8] that
the zero sensitivity properties are obtained with-
out requiring matched OP AMPs.

The finite gain amplifiers shown in Fig. 3 all
satisfy the zero amplifier-sensitivity conditions
of [9] and thus their ‘use in any active filter re-
quiring finite-gain amplifiers resuits in a zero-
sensitivity filter. ’

Several observations are to be made about the
zero-sensitivity amplifiers.

1. The finite-gain amplifier of Fig. 3a and
Fig. 3c are special cases of the phase shift ad-
justable amplifier introduced by Reddy (3).

2. No matching of the OP AMPs is required to
obtain the zero-sensitivity amplifiers.

3. The zero-sensitivity amplifier constraints,
[9], say nothing about the stability of active fil-
Eers employing the zero-sensitivity amplifiers of

ig. 3. ‘
4. The amplifier of Fig. 3a has infinite in-
put impedance whereas the remaining two amplifiers
do have a finite input impedance that may need to
be included in filter designs using these ampli-
fiers.

Finally, some justification for using only in-
ternally compensated OP AMPs and resistors to
build zero-sensitivity amplifiers instead of ex-
ternally compensating uncompensated OP AMPs is war-
ranted. The obvious advantage of using a single
OP AMP in an entire system to keep component in-
ventories and component count down leads to the use
of internally compensated OP AMPs. This fact aside,
external compensation of an uncompensated OP AMP
with either one or two capacitors requires the
undesirable process of choosing capacitor (and
sometimes’ resistor) values that are dependent on
the parameters of the particular OP AMP used where-
as the zero-sensitivity amplifiers of Fig. 3

require no matéhﬁhg of passive components to para-
meters of the active ‘devices.
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Fig. 3 Zero sensitivity amplifiers

It is easy to show that the conditions for
zero sensitivity for active filters employing m
finite-gain amplifiers are that the numerator
polynomials of [Ki -K.(s)], 1 <i<m, all contain
no first-order timd-constant terms. It thus fol-
Tows that if all m finite-gain amplifiers in Fig. 1
are replaced with the zero-sensitivity amplifiers
of Fig. 3, then the resulting active filter will
possess zero sensitivity with respect to each of
the 2m OP AMP time constants and that this zero
sensitivity is obtained without requiring matched

" QP AMPs.
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PART IIT

The performance of an active filter employing
a unity gain amplifier (2), (8), (9), is discussed
in this section. The zero-sensitivity amplifier of
Fig. 3a and the conventional unity-gain amplifier
are used in the bandpass filters shown in Fig. 4.
The transfer function magnitudes for tuwy= .01 and
Q=5 of these two filters are compared %o the
response obtained with ideal OP AMPs in Fig. 5.

The performance improvement obtafned from using the
zeyro-sensitivity amplifier is quite obvious.

The performance of this zero-sensitivity fil-
ter is typical of that reported for other general
zero-sensitivity filters in (1) and (7). The re-
sults are also similar to those presented by
Reddy (3) who chose the phase shift in his Wien
Bridge oscillator example so that the finite-gain
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%mp1ifier was actually a zero-sensitivity ampli-
ier.

It is to be concluded that although per-
formance comparisons have been made for only a
single filter, the improvement may be considered
representative for that expected using zero-sensi-
tivity amplifiers.

EXPERIMENTAL RESULTS

The zero-sensitivity bandpass filters of Fig.
4 were built using 741 type OP AMPs with measured
GBs of 1.17 x 27 + 3% rad/sec. The following
measured component values were used:

R = 10.095 Ko + 50
C=1.232 nf + 1%
R, = 10.095 Ko + 50
R, = 3.795 Ka + 59

The experimental and ideal values of fy and Q are
compared in Table 1. The clamping diodes (3) do
not:affect the filter performance under normal
operating conditions but are necessary when using
the 741s to prevent oscillation when the power
supplies are switched on or when large noise spikes
appear on the input.

Table 1. Experimental Performance of Bandpass
Filters of Fig. 4

f = mo/znv y Q % diff in f
Fig. 4a 16.737 KHz. ~ 4.07 7.5%
Fig. 4b | 17.983 KHz. 4,04 0.6%
ldeal 18.097 KHz.  4.16

OP AMPs
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