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A new topology of the second-order low-pass filter containing three operational amplifiers is proposed. As
known, a feature of second-order filters based on operational amplifiers is the interdependence of the main
filter parameters, such as the pole frequency, Q factor and gain. The second-order filters synthesized by the
state variable method have the smallest relationship between the main parameters, but they also do not
allow independent adjustment of the gain and Q factor, and contain at least three operational amplifiers.
The proposed low-pass filter topology also contains three operational amplifiers and provides the possibility
of independent setting of the pole frequency, Q factor and gain, as well as the possibility of independently
adjustment of the ) factor and gain. Relationships have been obtained that relate the pole frequency, Q
factor and filter gain to the nominal values of the passive filter elements. On the basis of these ratios, the
possibility of independently changing the Q factor and gain of the filter is shown. On the basis of this topology,
a second-order universal filter was synthesized with the possibility of independent setting and adjustment of
the main parameters. A cut-off filter with independent installation and adjustment of the main parameters
is also offered. Examples of second-order low-pass filter calculations and simulation results are given, which
confirm the correctness of the calculations. Also, the results of modeling universal and rejection filters are

given.

Keywords: active filter; second-order filter; pole frequency; Q factor

DOI: 10.20535/RADAP.2023.93.5-10

Introduction

As is known, both passive RC filters of the first
order and active filters of the second and higher orders
are used to filter signals in the sound and low-frequency
ultrasonic range.

A second-order active RC filter, namely, a filter in
which the dependence of the output signal on the input
signal is described by a second-order linear differential
equation, can be implemented using different topologi-
es. Such topologies include: low-pass filter (LPF), high-
pass filter (HPF), bandpass filter (BPF) of Sallen-Key
topology, LPF, HPF, BPF with multi-loop feedback,
LPF, HPF, BPF of biquad topology [1—4]. Salen-Key
filters and multi-loop feedback filters have one operati-
onal amplifier (OA) [5], the biquad filter has three OAs.
Also known a state variable filters realization which has
also three OAs [6,7].

All filters created according to the above topologi-
es are characterized by the fact that they do not
have the ability to independently set and adjust the
main parameters: pole frequency wy, quality factor @
and amplification K [8-11]. Since the change of one
parameter during adjustment causes the changes of
others [12], the process of setting the main parameters
of such filters and their adjustment is iterative in

nature, takes a lot of time and requires the involvement
of highly qualified personnel.

There are filters based on full resistance converters
that contain two OAs and have the ability to
independently set the main parameters when using
a certain algorithm described in [1]. However, it is
impossible to independently adjust the already set
parameters, since the adjustment elements of each
specific parameter also affect other parameters.

1 Formulation of the problem

As it was said above, the existing types of second-
order filters with a minimum number of OAs do not
provide independent adjustment of quality factor and
amplification. Thus, the use of such filters, especially
for research purposes, where the signal parameters
are not precisely known in advance and the filter
parameters may require multiple adjustments, is not
optimal. Based on this, the task of developing filters,
first of all low-pass filters, which contain a minimum
number of OAs and provide independent adjustment
of the quality factor and the amplification factor was
set.
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2 Second-order low-pass filter
with independent setting and
adjustment of main parameters

The article proposes a new topology of a second-
order low-pass filter with three OAs, which enables

independent setting of the pole frequency wy, quality
factor @), and amplification factor K. After setting
the parameters, the topology allows for independent
adjustment of the amplification factor K and quality
factor . The scheme of the proposed LPF is shown in
Fig. 1.
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Fig. 1. Second-order low-pass filter with independent setting and adjustment of the main parameters

The system of Laplace-transformed equations for
this topology is:
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The transfer function is:
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It is advisable to apply the following filter
adjustment algorithm: set the pole frequency using the
time constants Tb, T3, if necessary, adjust using the
coefficient K. The quality factor @) value is set using
the K (resistors R5 or R6), the filter amplification K is
set using the v parameter (resistor R7). If required, the
@ and amplification K can be changed independently
of each other using the K (resistors R5 or R6) and ~y
(resistors R7) parameters.

As an example, below is the filter synthesis
procedure with the following parameters: pole
frequency fo = 100 H z, quality factor Q = 3, amplifi-
cation K = 10.

To simplify calculations, it is assumed that:

RI=R2=R, Cl1=C2=C, T,=T,=T,

1
Ky =1, R3= R4=10kOhm. @
Then the pole frequency:
1 1
=y = — = —.
wo = 27 fo iTe
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If C = 100nF, then R = 16 kOhm. To ensure
K =10, R7 = 1.6 kOhm.

The quality factor, according to (1) is equal to:
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If we take R5 = 100 kOhm, then R6 = 20 kOhm.

The result of modeling this filter in the Tina-TI si-
mulator is shown in Fig. 2.
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Fig. 2. Results of LPF modeling in the Tina-TI stimulator

According to [12,13] the @ factor can be defined as
the distance between the level of 0 dB (in our case, 20
dB) and the maximum frequency response point:

Q =29.61dB —20dB =9.61dB = 3.023.

According to [9, 14, 15] the frequency of the maxi-
mum frequency response point can be defined as:

The measured value of the frequency of the maxi-
mum frequency response point is equal to:

fn =97.02Hz.

The theoretical values of the parameters and the
values of the parameters obtained by simulation match
quite well.

Such filter can replace two separate devices
connected in series: an amplifier with automatic gain
control and a second-order low-pass filter. Automatic
gain control can be implemented by changing the coeffi-
cient . At the same time, the quality factor @) and the
frequency of the low-pass filter pole will not change.
As an example, such a solution can be applied in
modulators of analog radio transmitters to limit the
spectrum of the signal and keep it at a constant level.

3 A universal filter of the second
- order with independent sett-
ing and adjustment of the main
parameters

Due to increase the number of OAs, it is possible to
create a universal filter with properties similar to the
biquad one and the state spase one [6], that is, with the
output of low-pass, high-pass and inverted bandpass
filters, but with the possibility of independently chang-
ing the quality factor and the amplification.

The scheme of such filter is shown in Fig. 3.

The system of Laplace-transformed equations is:
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These formulas show that for both outputs, HPF
and LPF, the quality factor and amplification can be
adjusted independently, using the K; (resistor R5 or
R6) to adjust the quality factor, and the K, (resistor
RT) to adjust the amplification.

If Ko = K3 = 1 is ensured, then the amplitude-
frequency characteristics (frequency response) of the
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Fig. 3. Scheme of a universal filter
The transfer function for high-pass filter output is: HPF and LPF will be symmetrical with respect to the
) frequency of the pole wy.
Kypr-p
Kupr(p) = P+ ptwg? Figure 4 presents the results of modeling in Tina-
Q 0 TT of a universal filter with the following parameters:
where: pole frequency fo = 100 Hz, quality factor Q@ = 3,
amplification K = 10.
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Fig. 4. Frequency response of the filter in Fig. 3 for LPF
and HPF outputs if Ko = K3 =1 and f, = 100 Hz,
Q=3 K=10



QigpTpU APYrOro NOPSAAKY 3 HE3AJIE’KHUM BCTAHOBJIIOBAHHSM | HAJIAMITYBAaHHAM OCHOBHHUX IapaMerpis 9

4 Rejection filter with indepen-
dent setting and adjustment of
main parameters on base of
universal filter

When K; = K3 = 1, on the basis of this filter,
it is possible to synthesize a rejection filter with the
possibility of independent adjustment of the amplifi-
cation and quality factor. To do this, it is necessary to

combine the signals from the low-frequency and high-
frequency outputs and then invert them. The scheme
of this filter is shown in Fig. 5.

The rejection frequency is set using the time
constants 77 and 7b, the required quality factor @ is
set using the coefficient K (resistor R5 or R6), the
amplification coefficient K pp — using the coefficient Ky
(resistor R7). Graphs of the frequency response of the
rejection filter for different values of the quality factor
and fo =100 Hz, K =1 are shown in Fig. 6.
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Fig. 5. Rejection filter
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Fig. 6. Frequency response of the rejection filter at different @) values (case (a) Q = 3, case (b) @ = 1)

Conclusions

The proposed topology of the second-order low-pass
filter, which contains three OAs and has the ability to
independently adjust the amplification and @ factor.

All known topologies that contain three OAs do not
have this property.

A universal five-OAs filter that has low-pass, high-
pass, and second-order inverted bandpass outputs,
which also has the property of independent adjust of
@ and amplification for low-pass and high-pass filters
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outputs. The rejection filter synthesized on the basis of
the universal filter also allows independent adjustment
of the quality factor and the amplification.
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®@inpTpU APYroro nopaaxky 3 He3aje-
KHUM BCTAHOBJIIOBAHHAM 1 HaJAIITyBa-
HHSIM OCHOBHUX IIapaMeTpiB

Anmunenxo P. B., Kupnamenxo I. M.,
Mosuaniwx A. B., @eciv B. II.

3amporroHoOBaHa HOBA TOMOJIOTiS (BIIBTPA HU3BKUX a-
CTOT APYTOTO TOPSIKY, MO MICTUTh TPW OMepariiiui mimi-
cumoBadi. ZIk Bimomo, ocobmmBicTio MiAbTPIB APYroro mo-
PAIKY Ha OCHOBI OIIEPAIiTHUX IIiICUITIOBAYIB € B3a€MO3aJIe-
JKHICTh OCHOBHHUX ITapamMerpiB (iabTpa, TAaKUX AK YaCTOTa
noJioca, A00poTHicTh 1 mijcusienHs. Halimenmwuii B3ae-
MO3B’SI30K OCHOBHHX ITapaMeTpiB MaioTh (iIbTPU APYroro
TOPSAKY, CHHTE30BaHI 33 METOJ0M 3MIHHUX CTaHy, aje i
BOHH HE J03BOJIAIOTH HE3AJIEXKHO HAJAIITOBYBATH Koediri-
€HT MiICUIEHHS Ta JOOPOTHICTD, i MICTATH He MEHIIEe TPHOX
oIeparifHuX I ICHII0BAYIB.

BanporionoBana ronosioria (BiabTpa HU3BKUX YaCTOT
TaKOXK MICTHUTH TPH OIepamiiHi macuioBadi i 3abe3medye
MOKJINBICTh HE3AJIEZKHOI YCTAHOBKU YACTOTH IOJIIOCA, IT0-
OPOTHOCTI Ta MIACUJIEHHS, 1 TAKOXK MOXKJIMBICTD HE3aJI€2KHO-
0 HAJAIITYBAaHHS HOOpOoTHOCTI Ta migcmireHHs. Orpumari
CIIiBBiTHOMIEHHS, STKi OB A3yIOTh 9aCTOTY IIOJIIOCA, TO0PO-
THICTDH Ta KoediieHT migcuieHad PiibTpa 3 HOMIHAJIbHUMEA
3HAMEHHSIMY TACUBHUX ejeMeHTiB (dinsrpa. Ha ocHoBi mux
CHIBBIZHOLIEHD IIOKa3aHa MOXKJIMBICTH HE3aJI€XKHOI 3MIiHU
nobporHocTi Ta KoedinieHTa macuiieHHs (piabrpa.

Ha ocmoBi Takoi TOmOJIOTII CHMHTE30BaHO YHIBEPCAJIb-
HUA GIABTP APYTOTO MOPSAKY 3 MOXKIUBICTIO HE3ATIEZKHOTO
BCTAQHOBJ/IEHHS Ta HAJIANITYBAHHH OCHOBHHUX IIADAaMETPIB.
3amporIoOHOBAHO TAaKOXK PEXEKTOpHWIT (DiabTp 3 He3ase-
JKHOIO YCTAHOBKOIO Ta PEryTIOBAHHSM OCHOBHHUX I1apame-
TPiB.

IIpuBeneni mpukaagu po3paxyHKIB (iJbTpa HUIBKUX
YaCTOT APYTOro MOPSIKY 1 Pe3y/IbTaTh MOIETIOBAHHS, SKi
HiATBEPIKYIOTh IPABIIBHICTh PO3PAXyHKIB. Takoxk HaBe-
JeHl pe3ysIbTaTH MOJIe/TIOBAHHS YHIBEPCAJHLHOTO 1 pexe-
KTOPHOTO (Pi/IbTPIB.

Karowoet caoea: aktuBHmMil (igbrp; (igbrp apyroro
TOPAIKY; YaCTOTA IIOJI0CA; TOOPOTHICTH
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