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INFLUENCE OF THE POSITIVE FEEDBACK RESISTOR RESISTANCE
ON THE AMPLITUDE-FREQUENCY RESPONSE OF THE GYRATOR BASED
ON THE OPERATIONAL AMPLIFIER

You can get rid of the use of inductors in active RLC filters of the second and higher orders by using a gyrator — an RC cell
included in the positive feedback circuit of an operational amplifier. This "active inductor” circuit allows you to implement active
filters even using microelectronics devices. The purpose of our work is to develop practical recommendations for choosing the
value of the feedback resistor resistance in gyrator circuits and to investigate its influence on the amplitude-frequency character-
istic of the device.

As a research method, computer modeling was used in the LTSpice software application, during which the main characteristics
of the oscillatory LC circuit and the circuit with a gyrator on an LT1006 operational amplifier were compared, and the corresponding
amplitude- and phase-frequency characteristics were obtained.

It is shown that the position of a maximum of amplitude-frequency response of the circuit with a gyrator is closer to the resonant
frequency of the RLC oscillating circuit, when the resistance value of the coupling resistor is closest to the output resistance of
the operational amplifier, but at the same time it must be at least 100 Ohm. To ensure a stable transmission coefficient of the circuit
with a gyrator when the resonant frequency changes tenfold, the resistance must be about half the operational amplifier's output
resistance, 300 Q in this case.
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Introduction

In radio engineering and radio electronics, there is a need to pass and amplify signals only in a certain frequency range,
the so-called passband, or to suppress them outside the selected range — in the suppression band. This task is assigned to
four-poles (filters), the amplitude-frequency characteristics (AFC) of which are non-zero in the passband and close to zero at
its outside (Levytskyi, 2007; Bekh, 2024; Carter, & Mancini, 2018).

Passive second-order RLC filters are more efficient than first-order RC filters, but the latter, in turn, do not contain induc-
tors, the dimensions and other parasitic parameters (resistance, interturn capacitance, etc.) of which increase significantly at
low frequencies close to the frequencies of the audio range (Bekh, 2024; Carter, & Mancini, 2018). Another disadvantage of
passive RC filters is the attenuation of the useful signal in the passband. This drawback is eliminated by combining passive
RC filters with amplifier stages covered by various types of feedback. Such combined filters are called active (Bekh, 2024;
Carter, & Mancini, 2018).

The object of the study is the gyrator circuit — an RC cell connected in the positive feedback loop of an operational amplifier
(Bekh, 2024; "Old Hack EE", 2022; National Semiconductor Corp, 1980) for a change from the use of inductors in active filters
with order higher then two. The voltage across capacitor C in the gyrator circuit causes the voltage and current at the output of
the circuit to behave similarly to those values across the inductor. Similar "active inductor" circuits allow implementing active
filters in a wide frequency range (up to units of GHz (Kilinc et al., 2025)) even by means of microelectronics, where, however,
they are more often implemented on inverting and non-inverting amplifiers included in the feedback loop on separate field-effect
transistors (Patel, & Oza, 2018), which complicates the calculation of such circuits due to the need to take into account the
steepness and nonlinearity of their transmission characteristics (Patel, & Oza, 2018; Saad, & Garrab, 2025; Kilinc et al., 2025).

The literature (Bekh, 2024; Carter, & Mancini, 2018) provides practical recommendations for choosing the value of the
resistance of the feedback resistor R2 in the gyrator circuit on the operational amplifier (Fig. 1 b) — it should be equal to the
minimum load resistance of the operational amplifier. However, the minimum load resistance of the operational amplifier itself
is not often included in its passport data. In addition, there is no information about the influence of the value of the resistance
R2 on the frequency properties of the resulting device.

The goal of the study is to develop practical recommendations for choosing the value of the feedback resistor R2 in the
gyrator circuit and to study its influence on the amplitude-frequency characteristic of the device.

Computer simulation in the LTSpice software environment using the LT1006 operational amplifier available in it (Linear
Technology, 2007) was chosen as the research method.

1. Modeling Details

Figure 1 shows a schematic of an oscillating circuit with an inductor (Fig. 1 a) and a circuit with a gyrator (Fig. 1 b) based
on the LT1006 operational amplifier, whose "inductance" is determined by the circuit elements, together with the operational
amplifier, and is equal to the inductance of the circuit’s coil.
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Fig. 1. Schematic of an RLC oscillating circuit with a repeater based on an operational amplifier (output — a "L-output”) (a)
and a circuit with a gyrator (output — "Gyrator_output”) (b). The values of the components without a background correspond
to a resonant frequency of approximately 300 Hz, while those with a gray background and an asterisk (*) correspond to — 3 kHz

The resistance of the load resistors (Fig. 1 a and Fig. 1 b) for the LT1006 operational amplifier, as specified in its documentation (Linear
Technology, 2007), ranged from 600 Q to 10 kQ. A final value of 10 kQ was selected to eliminate the influence of this parameter.

The circuit with an inductor is loaded by a repeater on the operational amplifier and a resistor connected in parallel to it
(Fig. 1 a), which acts as a load resistance even when the operational amplifier's input impedance is very high. Reducing the
resistance leads to a decrease in the quality factor of the oscillating circuit, but this changes the results only quantitatively.

The parameters of the gyrator components (Fig. 1 b) were calculated according to the algorithm (Bekh, 2024):

¢ the resistance of the feedback resistor was selected R2;

e The resistance of the resistor was selected R1, such that it satisfies the conditions R1 > R2 (but not more than
200 - R2)and R1 < 0,1 - Ry, (Where R, —is the input resistance of the operational amplifier);

¢ For this resonant frequency f;, the values of the circuit capacitor C2 and the capacitor C1 were selected based on the
inductance of the coil L1 (Fig. 1 a), ae — L1 = R1-R2- (1, (Fig. 1 b).

The Q-factor of the gyroscope, obtained from the expression (Bekh, 2024):

1 R1
0= ()
has always been 7,07.

The ranges of parameter variation for the circuit (Fig. 1) elements are listed in Tab. 1. The step size for changing the
resistance of the feedback resistor R2 was 1,5 to 2 times the previous value. This change also determined the values of the
parameters R1 and C1. The resonant frequency of the circuit f; was 300 Hz in the first stage of the study (the "300 Hz" case
in Tab. 1) and 3 kHz in the second stage (the "3 kHz" case in Tab. 1).

During computer simulation using the LTSpice software environment, several frequency response and phase response
curves were obtained. They are:

e amplitude-frequency dependences (characteristics) of the transmission coefficient K (in dB) as a function of signal
amplitudes (hereinafter referred to as AFCs).

¢ phase-frequency characteristics, which hereinafter are referred to as phase responses or PFCs or Phase (in degrees).

In the frequency response graphs obtained using cursor measurements in LTSpice at the maximum transmission coeffi-
cients Ko_gyrator—1 and Ko_gyrator—2 the resonance frequencies fo_riparop—1 aNd fo_riparop—2, @8 Well as the circuit passbands
(at the -3 dB level) were determined; based on these, the Q-factor of the circuit with coils Qz;¢_; and Qg.c_, and with gyrators
Qgyrator—1 @nd Qgyraror—2 Was calculated. The resistance value of the resistor R2 was normalized to 1 kQ to evaluate the
relative change in resonant frequencies, the resonant frequency of the circuit with the gyrator was normalized to the frequency
of the R5C3L1 oscillating circuit with coils fy_gic—1 and fo—_rrc—2-

2. Experimental results

Figures 2 and 3 show the frequency response and phase response curves of the circuits under study for the "300 Hz" and
"3 kHz" cases, respectively. Noticed that in both cases, the circuit with real inductance (dark solid line) has higher values
compared to the same parameter of the circuit with a gyrator (light solid line), while the frequency response behavior of both
circuits in the vicinity of the resonant frequency (dotted lines) is similar.

Table 1
Changing the parameters of the RLC oscillating circuit and the gyrator-based circuit for two frequencies

Parameter Circuit 1 — "300 Hz" Circuit 2 — "3 kHz"
Resonant frequency f;,
Hz (theoretical) 301 3041
Minimum Maximum Minimum Maximum
R1, kQ 10 320 8 256
R2, Q 50 1600 40 1280
R3, kQ 10 10
R4, R5, kQ 1,78 0,445
C1 5,6 UF | 5,47 nF 438 nF | 427 pF
C2,C3 0,1 uF 20 nF
L1 2,8H 140 mH
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Fig. 2. Amplitude-frequency response (solid lines) and phase responses (dotted lines) plots of an oscillating circuit
with an inductor (dark lines) and a circuit with a gyrator (light lines), obtained in LTSpice

with a feedback resistor R2 = 160 () and a resonance frequency of 300 Hz
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Fig. 3. Amplitude-frequency response (solid lines) and phase responses (dotted lines) plots of an oscillating circuit
with an inductor (dark lines) and a circuit with a gyrator (light lines), obtained in LTSpice
with a feedback resistor R2 = 160 () and a resonance frequency of 3 kHz

According to cursor measurements, the resonant frequency of the circuit RSC3L1 is -fy_g,c—1 = 311,236 Hz for the "300 Hz" case and
fo-rLc—2 = 3041,515 Hz for the "3 kHz" case.

Figure 4 shows graphs of the relative change in the resonant frequency of a circuit with a gyrator fy_gyrator—1 and
fo-Gyrator—2 cOmpared to the resonant frequency of a circuit with inductance fy_g;c-1 and fy_gic—» a@s a function of a re-
sistance of the resistor R2 for both simulation stages. Measurements showed that the resonant frequency of the circuit with a
gyrator fo_gyrator—1 @nd fo_gyrator—2 can differ from the frequency of the circuit with real inductance in the upward direction
up to 12% at resistance of the resistor R2 > 300 Q, and the closest values are observed at a resistor resistance of R2 =
{200..400} Q. At a resistance of R2 < 100 Q in the "300 Hz" case, a sharp increase in the resonant frequency of the circuit
with the gyrator is observed; at the same time, in the "3 kHz" case at R2 < 300 Q, a further decrease in the resonant frequency
of the circuit with the gyrator relative to the circuit R5C3L1 frequency is observed.
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Fig. 4. Graphs showing the relative change in the resonant frequency of a circuit with a gyrator f,_;,,q¢0r—1
and f,_gyrator— cOmpared to the resonant frequency of a circuit with inductance f,_r,c_; and fy_g;c_»
as a function of the resistance of the feedback resistor R2
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Figure 5 shows graphs of the transmission coefficient of the circuit Ko_gyrator—1 @nd Ko_gyrator—2 With a gyrator at the
resonant frequency as a function of the relative change in the resistance of the feedback resistor R2, normalized to the
transmission coefficient of the circuit with the coil, which was approximately K,_g;c_; = 8,908 dB for the "300 Hz" case and
Kp.ric.2=14,844 dB for the "3 kHz" case. Analysis of the graphs showed that for the "300 Hz" case, the maximum transmission
coefficient of the circuit with a gyrator is achieved at R2 = 400 Q and does not exceed 0,74 of the transmission coefficient
of the circuit with inductance, while for the "3 kHz" case, at R2 = 200 Q it does not exceed 0,7. With a coupling resistance
of R2 < 100 Q, the transmission coefficient of the circuit with a gyrator decreases rapidly (Fig. 5).
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Fig. 5. Graphs showing the dependence of the transmission coefficient-K;_s,,4t0r—1 @nd Ky_gyrator—2 ON the resonant frequency
of the gyrator normalized to the transmission coefficient of the coil-based oscillating circuit relative to the feedback resistor R2

As is well known, the transmission coefficient of the circuits under study is related to the Q-factor of both the oscillating
circuit with a coil and the circuit with a gyrator. Figure 6 shows graphs of the Q-factor of the circuit with a gyrator Qgyrator-1
and, Qgyrator—2 Normalized to the Q-factor of the RLC circuit with a coil Qg -1 =2,439 and
QrLc—2 = 5,36 respectively, as a function of the relative change in the resistance of the feedback resistor R2. By comparing
the graphs shown in Fig. 5 and Fig. 6, one can see that the dependence of the relative Q-factor of studied circuits with a
gyrator mirrors the behavior of the dependence of their transmission coefficients, albeit with slightly lower values.

In conclusion, it can be stated that the optimal resistance of the feedback resistor R2 should not exceed the output impedance
of the operational ampilifier. For the circuits studied in this work, at both values of the resonant frequency, a resistance of 300 Q can
be considered optimal, i.e., half of the recommended load resistance for the operational amplifier (Linear Technology, 2007).
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Fig. 6. Graphs showing the dependence of the Q-factor of the circuit with a gyrator (Qsyrqror—1 @aNd Qgyrator—2)s

normalized to the quality factor of the RLC circuit with a coil (Qz;c_; and Qg;¢_>),
on the relative change in the resistance of the feedback resistor R2

Discussion and conclusions

To obtain a resonance frequency for a circuit with a gyrator based on the LT1006 operational amplifier that is as close as
possible to the resonance frequency of a circuit with an inductor, the resistance of the feedback resistor R2, which is part of
the gyrator, must be no less than 100 Q, and to ensure a stable gain of the circuit with the oscillator when the resonant
frequency changes tenfold, it (R2) should be approximately half the output impedance of the operational amplifier used (for
the LT10086, the resistor R2 value will be 300 Q). Note that these values depend on the type of operational amplifier, specifi-
cally its output resistance, which must be accounted when selecting values of R2 in practice.

Author’s contributions: lhor Bekh — conceptualization; methodology; development of the theoretical framework; analysis of the results;
Roman Bohdanov — analysis of sources; preparation of the literature review; software; collection and verification of empirical data; empirical
research and analysis of the results.
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BrNJiMB ONoOPY PE3UCTOPA NO3UTUBHOIO 3BOPOTHOI O 3B°A3KY
HA AMMAITYAHO-YACTOTHY XAPAKTEPUCTUKY NPATOPA HA OMEPALIMHOMY NIACUNIOBAMI

lMo36ymucs eid sukopucmaHHsi Komywok iHdykmueHocmi 8 akmueHux RLC-ghinbmpax dpyzoe2o ma 6inbwe nopsidkie MoxHa 3a AOMOMO20H0
2ipamopa — RC-KoMipKu, yeiMKHeHOi 8 KoJI0 M03UMmu8HO20 380POMHO20 38’°A3Ky onepayiliHo2o nidcunroeaya. Taka cxeMa «aKmueHoOl KOMYyWHKU iH-
dykmueHocmi» dae 3Moz2y peasizogeyeamu akmueHi ¢hinbmpu Hasimb 3acobamMu MiKpoes1eKMpPOoHiKu.

Memoro npornoHogaHo20 OOCiOXEHHS € PO3PO6IIEHHSI MPaKMUYHUX pekoMmeHOauyili wodo eubopy eeslU4UHU OMOPY Pe3ucmopa 380POMHO20
38’s13Ky y cxemi 2ipamopa ma lio2o ennuey Ha amnaimyoOHo-4acmomHy xapakmepucmuky (A4YX).

Slk Memod docnidxeHHs1 6710 UKOPUCMAaHO KOMIT’romepHe MOOesTi08aHHs1 y Npo2paMHOMy 3acmocyHKy LTSpice, nid yac siko2o 6ys10 nopieHsIHO
OCHOBHI XapakmepucmuKu KonueanbHo2o LC-koHmypy ma KoHmypy 3 2ipamopom Ha onepayitiHomy nidcunroeayi LT1006 i ompumaHo eionoegioHi
amnnimydHo- ma ¢ha3080-4acmomHi xapakmepucmuku.

lMoka3aHo, wo nonoxeHHss Makcumymy AYX koHmypy 3 2cipamopom mum 6nux4e Ao pe3oHaHCHOl Yacmomu RLC koHmypy, Yyum onip pesucmopa
38’s13Ky 6nuwx4uii o suxioHo20 ornopy onepayilino2o nidcunrosaya. [l[pome 8iH mae 6ymu He meHwum 3a 100 Om, a Ons 3abe3neyeHHs1 cManoz2o
3HayeHHs1 KoegbiyieHma nepedaydi KOHMypy 3 2ipamopom, y pa3i 3MiHU pe3oHaHCHOi Yacmomu y decsimb pa3ie, Mae cmaHoeumu 6/1U3bLKO M0/I08UHU
suxidHo20 onopy onepayiliHo2o nidcunoeaya, y Ubomy eunaoky — 300 Om.

Knio4yoBi cnoBa: akmueHul ¢inbmp, 2ipamop, 36opomHuli 38°A30kK, onepayiliHul nidcunroeay, amnaimydHo-yacmomHa
Xxapakmepucmuka.
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The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation
of data; in the writing of the manuscript; in the decision to publish the results.

ISSN 1728-3817





