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7 ABSTRACT

An active filter comprising a first stage (10), a second stage
(20) and a third stage (30), each of them being provided with
a respective operational amplifier (11, 21, 31); a feedback
branch (50) defined by a resistor (51) connects the output
(31c) of the third operational amplifier (31) to the inverting
input (11a) of the first operational amplifier (11). A main
resistor (60) is connected between the inverting inpnt (11a)
of the first operational amplifier (11) and a fixed-potential
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ACTIVE FILTER

DESCRIPTION

[0001] The present invention relates to an active filter and,
more particularly, to techniques adapted to compensate for
the parasitic poles generated by the amplifiers used in the
filter itself.

[0002] It is known that in carrying out circuit analyses,
mathematical models are used to describe the behaviour of
the different electronic components and to calculate magni-
tdes of interest relating to the circuit under examination,
throngh suitable algorithms and finctions. A typical
example of the mathematical models used is represented by
the so-called transfer function describing exactly in a func-
tional manner, the relationship existing between a signal
placed at a given-stage inpnt and the corresponding signal
read at the output.

[0003] Obviously, the mathematical models used are not
able to exactly describe the circuit reality to which they
refer; they only constitute approximate descriptions and the
accuracy of each model is directly connected with the
precision it is wished as regards the obtained results. There-
fore, the greater the precision and accuracy required for the
results mmst be, the greater the acenracy and complexity of
the utilised model.

[0004] Generally the differences existing between the
“real” behaviour of an electronic component and the “ideal™
model used for mathematical simulations relating to such a
component are called “non-idealities™.

[0005] In the specific sector conceming active filters, in
particular of the resonant type, the most important non-
idealities are caused by the so-called parasitic poles of the
active stages composing the filter itself. A first solution
proposed by the known art to compensate for the effects of
the parasitic poles is diagrammatically shown in FIG. la:
the resistor Rf is introduced in series with the feedback
capacitor of an inverting integrator, by means of which the
operational amplifier rectifies its answer.

[0006] A second compensating technique is diagrammati-
cally shown in FIG. 15. This cirenit diagram refers to an
active filter made np of three stages, each of them obtained
with a suitably feedbacked operational amplifier; in particu-
lar, the opamp of the input stage is feedbacked through a
parallel of a capacitor and a resistor whereas the opamp of
the intermediate stage is disposed in a typical inverting
confignration; the operational amplifier of the third stage is
feedbacked through a capacitor so as to form a conventional
inverting integrator stage. The additional connection, made
for compensation purposes is denoted by letter “X™; this
connection generally aims at eliminating the parasitic effects
due to one of the active elements therein preset and, more
particularly, at limiting the dependence of the filter behav-
iour on the thenmal drifis of its components; in fact, as
Iknown, each electronic component varies its behaviour
depending on the temperature at which it is. In this way, the
quality factor “(¥” of the third stage is enhanced making said
stage more precise in the neighbourhood of its operating
frequency, which leads the filter to have a degree of selec-
tivity “Q” that is closer to the wished decree during the
design or planning step. However, this quality factor “Q”
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keeps in any case rather low; for the particular configuration
illustrated, to low frequencies it is oft

B 1
=TT Y
|A|2 Ay

wherein |A| and Ao are the open-loop dynamic gain and
static gain respectively, of a general operational amplifier
and correspondingly the filter is in any case not fully
performing.

[0007] A drawback in- the solutions briefly described
ahove refers 1o the fact that these techniques are able to
compensate for the non-idealities introduced by a single
active stage without being able to efficiently operate on
possible upstream-connected stages.

[0008] In other words, using the above mentioned known
solutions, it is exclusively possible to compensate for the
parasitic effects referable to only one singularity, withoit on
the contrary being able to affect the non-idealities due to
possible other parasitic poles.

[0009] 1t is therefore apparent that the obtained compen-
sation is not satisfactory and does not allow the real filter
behaviour to approach the ideal behaviour of said filter in an
important manner.

[0010] A third known solution is shown in FIG. 1¢ in
which a conventional biquadratic three-stage filter has been
modified in snch a manner that the first opamp output Al is
brought to the noninverting input of the second opamp Al,
by means of resistor R, and the output of the third opamp A3
is brought to the noninverting input of the second opamp, by
means of capacitor C; the inverting input of the second
opamp on the contrary is gronnded.

[0011] This cirenit solution, unlike the two solutions pre-
viously shown, allows the effects of the parasitic poles of
three stages composing a typical resonant active filter to be
compensated for. However, in this case too, the obtainable
results are of poor quality because in any case they do not
enable operation with very high “Q” valnes, above all for
relatively high frequencies. In addition, as a consequence of
each known compensation technique, the opamp the circuit
structure of which is modified for compensation purposes, in
the last-mentioned case the second opamp Al, is frequency-
destabilized; this means that for frequencies much higher
than the work frequency “of” of the filter, said filter can
become unstable and output a signal of an amplitude com-
parable with that of the useful signal, which iz clearly
unacceptable.

[0012] An aim of the present invention is to make-avail-
able an active filter in which the non-ideal effects dne to the
parasitic poles introduced by the amplification stages uti-
lised are compensated for.

[0013] It is a further aim of the present invention to
provide an active filter in which the effects of a plurality of
parasitic poles due to one or more amplification stages
connected with each other in cascade or in parallel are
compensated for.

[0014] Another aim of the present invention is to make
available an efficient and fiunctional active filter, character-
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ised by a great simplicity from the point of view of circuit
implementation and by a remarkable inexpensiveness in
terms of manufacturing costs. A still further aim of the
invention is to provide an active filter in which the opera-
tional amplifiers are not destabilized at high frequency, due
to the compensation itself.

[0015] TFurther features and advantages will become more
apparent from the detailed description of a preferred but not
limiting embodiment of an active filter, shown in the accom-
panying drawings, in which:

[0016] FIGS. 1a, 15 and 1¢ show the circuit diagram of
compensated active filters in accordance with the known art;

[0017] FIGS. 2-29 and 32 show several different embodi-
ments of the active filter in accordance with the present
invention;

[0018] FIGS. 30-31, 33-37 and 374¢-37h show some cir-

cuit stages that can be used in the filter in accordance with
the invention.

[0019] The active filter in accordance with the present
invention is identified with reference numeral 1 in the
accompanying fignres.

[0020] The present invention relates to a multi-function
active filter of the second order, substantially comprising a
first stage 10 set to receive an inpit signal Vs, through a
resistor 12, a second stage 20 and a third stage 30, connected
with each other in cascade and provided with a first, a second
and a third operational amplifiers 11, 21 and 31 respectively,
each of which has an inverting input 1la, 21a, 31a, a
noninverting input 115, 214, 31band an output 11¢, 21¢, 31

[0021] Each output 1lc, 21c, 31c is connected to the
inverting input 11a, 21a, 31e of the same opamp throngh
feedback means 13, 23, 33 defining respective negative-
feedback branches 13, 25, 35.

[0022] Preferably, a resistor 22 is provided between the
output 11¢ of the first opamp 11 and the inverting input 21a
of the second opamp, and a resistor 32 is provided between
the output 21c of the second opamp 21 and the inverting
input 31a of the third opamp 31.

[0023] For sake of clarity, in the present description and in
the following claims, the wording “element X connected
between nodes A and node B” is intended to mean that the
element X has an end connected to node A and another end
connected to node B,

[0024] A main feedback branch 50, preferably defined by
a resistor 51 has a first end 50 a connected to the output 31¢
of the third opamp 31, and a second end 505 connected with
the inverting input 11a of the first opamp 11.

[0025] In its main embodiment, filter 1 can further com-
prise a first connecting branch having a first end connected
with the inverting input 11a, 21a, 31aof a predetermined one
of the first, second and third operational amplifiers 11, 21
and 31, and a second end connected with at least one of the
noninverting inpnts of operational amplifiers different from
the predetermined operational amplifier.

[0026] The noninverting input of the predetermined opera-
tional amplifier is connected to the ground either directly or
throngh a resistor.
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[0027] Filter 1 can further comprise a second connecting
branch; the second connecting branch has a first end con-
nected to the inverting input 11a, 21a, 31aof one of said first,
second and third operational amplifiers 11, 21 and 31 and a
second end connected with the noninverting input of another
operational amplifier, different from the predetermined
opamp (i.e. from the opamp to which the first end of the first
connecting branch is connected).

[0028] Each connecting branch is defined by a direct
connection or a respective fourth stage 40 comprising a
fourth operational amplifier 41 having an inverting input
41a, a noninverting inpnt 41band an output 41¢ defining the
second end of the corresponding connecting branch,
whereas the noninverting input 415 defines the first end of
the same connecting branch.

[0029] The output 41¢ is also connected with the inverting
input 41athrough a resistor 43. The fourth stage 40 further
comprises a resistor 42 having a first end 42a connected with
the inverting input 414 and a second end 424 connected to
the ground.

[0030] Each fourth stage 40 is therefore in the form of a
noninverting amplifier.

[0031] The embodiments briefly described above are rep-
resented in FIGS. 2-6, 11, 13, 134, 14,15, 18, 19, 20, 21, 22,
23 and 24.

[0032] In one particular case (FIG. 32) the two second
ends of the first and second connecting branches are con-
nected with the noninverting inpit of the same opamp (11,
21, 31) and the first end of the second connecting branch is
connected with the inverting input of an opamp different
than the predetermined operational amplifier 11, 21, 31; in
other words the first and second connecting branches have
their second ends in common (connected with the nonin-
verting input of the same opamp), whereas the two first ends
are connected with operational amplifiers distinct from each
other.

[0033] Each of the two connecting branches is defined by
a respective fourth stage 40 that is preferably defined by a
general voltage amplifier, having an input (“in™) defining the
first end of the respective connecting branch, and an output
(*‘out™) connected with the first end of a resistor; the second
end of said resistor defines the second end of such a branch.

[0034] In a first set of alternative embodiments, filter 1 is
not provided with the second connecting branch while it
preferably comprises the first connecting branch that is
defined by a direct connection. The fourth stage 40 is in
particular in the form of an inverting amplifier the input of
which is connected with the output 1le, 21¢, 31¢ of one of
said operational amplifiers 11, 21 and 31. More particularly,
the inverting input 41eof the fourth operational amplifier 41
is directly connected with the noninverting input 115, 215,
3160f a predetermined one of the first, second and third
operational amplifiers 11, 21 and 31, whereas the noninvert-
ing input 41bof the fourth operational amplifier 41 is directly
connected with the inverting input of one of said opamp 11,
21 and 31, different from the opamp with which the invert-
ing input 41« is connected (identified above as the prede-
termined operational amplifier).

[0035] Altematively, the noninverting input 415 is directly
connected with a fixed-potential node, preferably a
grounded node (FIGS. 7-11, 12, 16, 17, 21 and 23 ).
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[0036] Ina second set of alternative embodiments, filter 1
is provided with at least the first connecting branch. At least
one predetermined opamp of the mentioned operational
amplifiers 11, 21 and 31 in its negative-feedback branch 15,
25, 35 comprises a respective fourth stage 40 provided with
a fourth operational amplifier 41 having an inverting input
414, a noninverting input 415 and an output 41¢. The fourth
operational amplifier 41 is in the form of a buffer or a phase
shifter, and its noninverting input 415 is connected with the
output 11e, 21, 31c of said predetermined operational
amplifier 11, 21, 31, cither directly or through a resistor; the
inverting input of the predetermined opamp is connected
with the ontput 41¢ of the fourth opamp 41, through respec-
tive feedback means 13, 23, 33 (FIGS. 25-29 ).

[0037] According to the embodiment taken into consider-
ation, filter 1 can firther comprise one or two of the
following resistors:

[0038] a main resistor 60 having a first end 60 a connected
with the inverting input 11aof the first operational amplifier
11, and a second end 605 connected with a fixed-potential
node, preferably a grounded node;

[0039] a secondary resistor 62 having a first end 62a
connected with the inverting input 214 of the second opera-
tional amplifier 21, and a second end 625 connected with a
fixed-potential node, preferably a gronnded node;

[0040] an auxiliary resistor 61 having a first end 6la
connected with the inverting input 31eof the third opera-
tional amplifier 31, and a second end 615 connected with a
fixed-potential node, in particular a grounded node.

[0041] Tt is to be pointed out that in the diagrams of the
accompanying figures different switches are present; these
switches are not to be intended as physically present within
the circnit, but their task is only to indicate possible different
configurations that can be taken by the same circuit, depend-
ing on the operating condition thereof. By way of non-
limiting example, in the following specification, in addition
to the switches introducing essential components, and
depending on the circumstances, also the switches relating
to a component or a circuit solution that does not change the
filter nature to an important degree have been arbitrarily
considered as closed, irrespective of the typical configura-
tion that the filter can take in the specific case under
examination; all cases are duly contemplated in the
appended claims. In more detail, in the circuits in FIGS. 2-6,
the feedback means 12 of the first opamp 11 is defined by a
single capacitor or a branch defined by a capacitor and a
resistor connected in series with each other, whereas the
second opamp 21 is feedbacked by means of a resistor 23.
The third opamp 31 is feedbacked by means of a single
capacitor, or by means of a branch defined by a capacitor
connected in series with a resistor; it can be also provided for
this branch to be connected in parallel with another branch
comprising a single capacitor or a capacitor connected in
series with a resistor.

[0042] Preferably, a feedback resistor 74 has a first end
74a connected with the inverting input 114 of the first opamp
11 and a second end 745 that can be connected either to the
output 11c of the first opamp 11 or to the output 21c of the
second opamp 21.

[0043] In the diagrams in FIGS. 2, 3, 5 and 6 a main
resistor 60 is connected between the inverting input 11a of
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the first opamp 11 and the fixed-potential node, preferably a
grounded node. In the diagrams in FIGS. 4 and 5, an
auxiliary resistor 61 is connected between the inverting
input 31a of the third opamp and a fixed-potential node,
preferably a grounded node.

[0044] The circuit in FIG. 2 further has a direct connec-
tion 70 between the noninverting input 115 of the first
opamp 11 and the inverting input 21« of the second opamp
21; the inverting input 31 of the third opamp 31 and the
noninverting input 21bof the second opamp 21 are con-
nected with each other by a feedback branch 71 that can be
made either as a direct connection or as an amplifier. The
noninverting input 315 of the third opamp 31 is connected
to the ground. In relation to the input signal Vs, the output
11 of the first opamp 11 is an output of the band-pass type,
which is -180° ont of phase, the outpnt 21¢ of the second
opamp 21 is an output of the band-pass type not out of phase
and the output 3l¢ of the third opamp 31 is a 90° out of
phase low-pass output.

[0045] The circuit in FIG. 3 shows a direct connection 72
between the noninverting input 115 of the first opamp 11 and
the inverting input 31e of the third opamp 31; also provided
is a direct connection 71 between the noninverting inpiut 215
of the second opamp 21 and the inverting input 31a of the
third opamp 31. The noninverting input 315 of the third
opamp 31 is connected to the ground.

[0046] The circuit in FIG. 4 shows a direct connection 70
between the noninverting input 115 of the first opamp 11 and
the inverting input 21a of the second opamp 21, together
with a direct connection 76 between the inverting input 21a
of the second opamp 21 and the noninverting input 315 of
the third opamp 31. The noninverting input 2154 of the
second opamp 21 is connected to the ground.

[0047] The circuit in FIG. 5 has a direct connection 72
between the noninverting input 115 of the fist opamp 11 and
the inverting input 31a of the third opamp 31 together with
a direct connection 76 between the noninverting input 315 of
the third opamp 31 and the inverting input 21« of the second
opamp 21. The noninverting input 215 of the second opamp
21 is connected to the gronnd.

[0048] The circuit in FIG. 6 shows a direct connection 73
between the inverting input 114 of the first opamp 11 and the
noninverting input 215 of the second opamp 21, together
with a, direct connection 72 between the noninverting input
114 of the first opamp 11 and the inverting input 31z of the
third opamp 31. The noninverting input 315 of the third
opamp 31 is connected to the gronnd.

[0049] With reference to FIGS. 36, if resistors 600 and
601 are used, in relation to the input signal Vs the output 11¢
of the first opamp 11 is an outpnt of the band-pass type
which is —180° out of phase, the output 21¢ of the second
opamp 21 is an output of the band-pass type not out of phase,
and the outpnt 31c of the third opamp 31 is a 90° out of
phase low-pass outpnt; if resistors 600 and 601 are nsed, the
output 11¢ of the first opamp 11 is a —180° out of phase
band-pass output, the output 21¢ of the second opamp 21 is
a notch output, in which the frequencies other than the one
to be eliminated are 180° out of phase, and the outpit 31¢
of the third opamp 31 is a 90° out of phase low-pass output.

[0050] FIG. 12 shows a further embodiment of filter 1. In
this circnits, the first opamp 11 is feedbacked by a single
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capacitor or by a branch defined by a capacitor and a resistor
connected in series with each other, whereas the second
opamp 21 is feedbacked by means of a resistor 23.

[0051] The third opamp 31 is feedbacked by means of a
single capacitor, or by means of a branch defined by a
capacitor connected in series with a resistor; it is also
provided that this branch can be connected in parallel with
another branch defined by a single capacitor or a capacitor
connected in series with a resistor.

[0052] Inaddition, a feedback resistor 74 has a first end 74
a connected with the inverting input 114 of the first opamp
11 and a second end 745 that can be connected to the output
11¢ of the first opamp 11 or to the ontput 21¢ of the second
opamp 21.

[0053] The filter 1 shown in FIG. 12 further comprises a
fourth stage 40 provided with a fonrth operational amplifier
41 having an inverting input 41a, a noninverting input
41band an output 41¢; a first resistor 42 is connected
between the inverting input 41a of the fourth opamp 41 and
the output 31¢ of the third opamp 31, whereas a second
resistor 43 is connected between the inverting input 41 and
the output 41¢ of the fourth opamp 41.

[0054] In the diagram provision is also made for an
auxiliary resistor 61 to be connected between the inverting
input 31a of the third opamp 31 and a fixed-potential node,
preferably a grounded node.

[0055] The noninverting input 415 of the fourth opamp 41
is directly connected to the inverting input 21e of the second
opamp 21 and a direct connection 77 is interposed between
the noninverting input 1156 of the first opamp 11 and the
inverting input 31a of the third opamp 31.

[0056] With reference to FIG. 12, if resistors 600 and 601
are not used, in relation to the input Vs the output 11¢ of the
first opamp 11 is a =180° out of phase band-pass output, the
output 21¢ of the second opamp 21 is band-bass output that
is not out of phase, the output 31¢ of the third opamp 31 is
a 90° out of phase low-pass output, and the output 41¢ of the
fourth opamp 41 iz a —90° out of phase low-pass output.

[0057] If resistors 600 and 601 are used, the output 11¢ of
the first opamp 11 is a —180° out of phase band-pass output,
the output 21¢ of the second opamp 21 is a notch output, in
which the frequencies different from the one eliminated are
180° out of phase, the output 31¢ of the third opamp 31 is
a 90° out of phase low-pass output, and the output 41¢ of the
fourth opamp 41 is a —90° out of phase low-pass outpt.

[0058] FIGS. 7-10 show further embodiments of filter 1.
The feedback means 13 of the first stage 10 can consist of
a single capacitor or a capacitor connected in series to a
resistor, whereas the feedback means 23 of the second stage
20 are defined by a resistor.

[0059] The feedback means 33 of the third stage 30 can
consist of a single capacitor or a capacitor connected in
series with a resistor.

[0060] The filter 1 shown in FIGS. 7-10 also comprises a
fourth stage 40 provided with a fourth operational amplifier
41, a first resistor 42 and a second resistor 43.

[0061] The first resistor 42 has a first end 424 connected
with the inverting input 41a of the fourth opamp 41, and a
second end 425 connected to the ouwtput 21¢ of the second
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opamp 21; the second resistor 43 is connected between the
inverting input 41a and the output 41¢ of the fourth opamp
41. In addition, also provided i3 a feedback resistor 74
having a first end 74a connected with the inverting inpnt 11a
of the first opamp 11 and a second end 745 connected either
to the output 11¢ of the first opamp 11 or to the output 21¢
of the second opamp 21.

[0062] In the circuits in FIGS. 7, 9 and 10 a main resistor
60 is connected between the inverting input 11z of the first
opamp 11 and a fixed-potential node, preferably grounded,;
in the circuits in FIGS. 8 and 9 a secondary resistor 62 is
connected between the inverting input 21a of the second
opamp 21 and a fixed-potential node, preferably grounded.

[0063] In the diagram in FIG. 7, a direct connection 81 is
present between the inverting input 31a of the third opamp
31 and the noninverting input 115 of the first opamp 11; the
noninverting inpnt 315 of the third opamp 31 is grounded.
In addition, a direct connection 80 is present between the
inverting inpnt 41a of the fourth opamp 41 and the nonin-
verting input 215 of the second opamp 21; the noninverting
input 415 of the fourth opamp 41 iz grounded.

[0064] Inthe diagram in FIG. 8 the noninverting input 115
of the first opamp 11 is grounded; the inverting input 114 of
the first opamp 11 is connected through the direct connection
82 to the noninverting input 415 of the fourth opamp 41. In
addition, the noninverting input 214 of the second opamp 21
is connected, through the direct connection 80, to the
inverting input 41a of the fourth opamp 41; the noninverting
input 314 of the third opamp 31 is grounded.

[0065] In the diagram in FIG. 9 a direct connection 85 is
interposed between the inverting input 11a of the first opamp
11 and the noninverting input 215 of the second opamp 21,
while a direct connection 83 is interposed between the
noninverting input 115 of the first operational amplifier 11
and the inverting inpnt 41a of the fourth opamp 41. A further
direct connection 84 connects the inverting input 31a of the
third opamp 31 and the noninverting input 415 of the fourth
opamp 41 with each other; the noninverting input 315 of the
third opamp 31 is grounded.

[0066] In the diagram in FIG. 10, a direct connection 87
connects the noninverting input 115 of the first opamp 11
with the inverting input 21a of the second opamp 21 and a
direct connection 80 connects the noninverting input 215 of
the second opamp 21 with the inverting input 41a of the
fourth opamp 41. A direct connection 84 connects the
inverting input 31a of the third opamp 31 with the nonin-
verting input 415 of the fourth opamp 41; the noninverting
input 315 of the third opamp 31 is connected to the ground.

[0067] With reference to the diagrams in FIGS. 7-10,
when resistors 600 and 601 are not used, in relation to the
input Vs, the output 11¢ of the first opamp 11 is a —180° out
of phase band-pass output, the output 2l¢ of the second
opamp 21 is a band-pass owutput that is not out of phase, the
output 31c of the third opamp 31 is a 90° ot of phase
low-pass output and the output 41¢ of the fourth opamp 41
iz a 180° out of phase band-pass output.

[0068] If resistors 600 and 601 are used, the output 11c of
the first opamp 11 is a —130° out of phase band-pass output,
the output 21¢ of the second opamp 21 is a notch output, in
which the frequencies that are not eliminated are 180° out of
phase, the output 31¢ of the third opamp 31 is a 90° out of
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