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This paper reviews gyrator based Gm-C filters and their characteristics. The most common 

gyrator based Gm-C filter architecture is described. Different types of gyrator biquad are presented as 
well as the properties of simulated inductor in them are outlined. The circuit of fully differential OTA 
is considered and analyzed in more details. The key OTA parameters related to gyrator based Gm-C 
filters are presented. Moreover, different techniques for improvement the performance of OTAs is 
considered. This paper also includes а comparison between single stage and multiple stage OTA with 
respect to frequency dependence of Gm. Finally, gyrator based Gm-C filters applications for the 
frequency range starting from few Hz up to several hundred of MHz are summarized.  

Keywords  – Gm-C filter, gyrator, linearity enhancement, operational transconductance 
amplifier (OTA).  

Обзор на Gm-C филтрите базирани на жиратор и тяхното приложение  
(Атанас Танев). В този доклад е направен обзор на Gm-C филтрите базирани на жиратор и 
техните характеристики. Направено е описание на най-често използваната архитектура  на 
Gm-C филтри базирани на жиратор. Презентирани са различните видове на жираторни звена  
от втори ред, като са посочени и основните свойства на симулираната бобина. Детайлно е 
разгледана и анализирана схема на напълно диференциална схема на ОТА. Презентирани са  
основните параметри на  ОТА по отношение на Gm-C филтрите базирани на жиратори. 
Докладът също включва и сравнение между едностъпалните и многостъпалните по 
отношение на честотната зависимост на Gm.  Накрая в доклада e направено обобщение на 
Gm-C филтрите базирани на жиратор  за приложения от няколко Hz до няколкостотин MHz.  

 

Introduction 
Тhe necessity of integrated analog filters in very 

wide frequency range, makes Gm-C filters (also known 
as transconductance-C and OTA-C) very attractive 
[1], [2], [3], [4]. They have been intensively 
investigated for a long time now. The first articles 
appeared in mid-1960s.  

Nowadays, Gm-C filters are still the most widely 
used type of analogue filters [2]. This is due to their 
excellent characteristics for IC design applications. 
Another advantage is the simple structures, which 
they are realized with. The basic element of the Gm-C 
filters is the operational transconductance amplifier 
(OTA). 

Gyrator based Gm-C filters are commonly used at 
very low as well as very high frequency applications 
[2], [5]. Тhe interest in this class of filters is 
constantly growing, which can be observed by the all 

new scientific results and practical implementations 
(Fig. 1). The datа for the Fig.1 is obtained from IEEE 
Xplore database, the rise of papers in the last 15 years 
can be clearly seen. 

 
Fig. 1. Number of published articles in  
IEEE Xplore, related to Gm-C filters  

for the period 1965 – 2017. 

296 “Е+Е”, vol. 53, 11-12, 2018



 

This paper presents an overview of gyrator based 
Gm-C filters – common architecture, different types of 
biquad and properties of simulated inductor. The fully 
differential circuit of OTA is considered and analyzed. 
Тhe key parameters of OTA related to  
Gm-C filters are outlined. Different techniques and 
approaches are proposed for improvement of the 
parameters of OTA. A comparison between single 
stage and multiple stage OTA with respect to 
frequency dependence is made pointing their strenghts 
and weakneess. The paper summarizes the 
applications for very low and frequencies as well high 
frequencies. 

Gyrator based Gm-C filters  
Gyrator filters are one of the most often used class 

of Gm-C filters. In general, these filters used a 
substitution method for direct replacement of 
grounded inductors in the LC ladder filters. The 
simulation of grounded inductors is done by placing 
single capacitive loads on the gyrator [1], [4], [6]. A 
circuit with two cascade-connected gyrators with a 
capacitor between them is used for the simulation of 
floating inductors in the LC ladder filters.  

This substitution method allows to preserve the 
most important advantage of the LC ladder filter – the 
very low sensitivity with respect to component 
variation [1], [6]. These filters, however, are often 
designed by building gyrator biquads obtained by the 
corresponding LC circuits, as shown in Fig.2 [6], [7].  

 
Fig.2. BP (a), LP (b) and HP (c) biquad based on gyrator 

tank. 

There are not many architectures of gyrator filters 
and designers mainly work for the improvement of the 
amplifiers’ performance. Tuning of the important 
filters parameters such as pole frequency and quality 
factor is made by changing the transconductance of 
OTAs and/or capacitors. 

In order to obtain a good dynamic range of the 
gyrator based Gm-C filters, the following condition for 
identity must be fulfilled in all stages [1] 

(1)   =  

In this way, the maxima of the voltages from both 
sides of the gyrator are obtained equal.  

 Properties of the simulated inductor 
The circuit of a gyrator simulated inductor is 

shown in Fig.3(a). The parasitic input and output 
capacitances of OTA appear in parallel with 
capacitors C1 and C2; for this reason, they are 
considered as part of them. The OTAs in Fig. 3(a) 
have input resistances, which are assumed to be 
infinitely high, while their output resistances Ro1 and 
Ro2 are finite. The equivalent circuit of the simulated 
inductor is shown in Fig. 3(b).  

 
Fig. 3. (a) Circuit of simulated grounded inductor  

(b) its equivalent circuit 

The elements of the simulated inductor are 
described by [1], [6]: 

(2)  𝐿 = ;    𝑟 =  

The quality factor of the simulated inductor for 
low frequencies is determined by the equivalent 
impedance of L, r and Ro1 

(3) 𝑍 = (𝑗𝜔𝐿 + 𝑟)‖𝑅 = 𝑅 + 𝑗𝜔𝐿  

Req and Leq are obtained from the following 
expressions 

(4)  𝑅 = ( )( )  

(5)  𝐿 = ( )  

Fig. 4 shows the frequency dependence of Req and 
Leq. From the figure it can be seen that when ω is 
small, Req is equal to Ro2||r, while when ω is large, Req 
tends to Ro2. 

 
Fig.4. Frequency dependence of the equivalent Leq and Req. 
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The ratio between ωLeq and Req gives the Q factor 
of the equivalent inductor 

(6)  𝑄 = ( ) .  

Circuit description and analysis  
After formulating the expressions for the pole 

frequency and the quality factor Q of the simulated 
inductor, we investigate the proposed OTA in [8], 
needed for realization the gyrator tank. Most often the 
OTA is based on differential amplifier stages as 
shown in Fig. 5.  

Fig.5. Circuit of fully differential stage, used for realization 
of OTA. 

 
Transistors M1 and M2 are matched as well as 

transistors M3 and M4. The differential circuit of OTA 
from Fig. 5 consists of: 

• Transistors M1 and M2 form the differential pair,  
• DC current source Iss providing the tail currents 

of the circuit, 
• Transistors M3 and M4 representing the active 

load. 
Usually, the current source Iss is realized as a 

current mirror. The voltage Vg34 on the gates of M3 and 
M4 is direct voltage (dc). By controlling Vg34 the dc 
voltage of the terminals +out and –out of the outputs 
of the circuit are set. 

In order to determine the Gm of the OTA amplifier 
an AC analysis of the circuit from Fig.5 should be 
done. For this reason, MOS transistors are substituted 
by their small-signal models. The small signal model 
of the OTA is shown in Fig. 6 [7]. 

The following equation for the current io is 
obtained:  

(7)   𝑖 = 𝑔  

where the transconductances gm of the transistors are 
equal due to the matching of the transistors.  

Therefore, the Gm of the amplifier is given by 

(8)  𝐺 = = . 

 
Fig.6. Small-signal model of the OTA from Fig. 5 [7]. 
 

One of the three available equations for the 
transconductance gm of the MOS transistor is the 
following [8]: 

(9)  𝑔 = 2𝜇 𝐶 𝐼  

Taking into account that the dc drain current of M1 
and M2 is equal to Iss/2, for the Gm of the amplifier 
from Fig. 5 we obtain: 

(10) 𝐺 = = 2𝜇 𝐶 𝐼 = 𝜇 𝐶 𝐼  

where W and L – the sizes of M1 and M2, µn – mobility 
of electrons and Cox – gate-oxide capacitance.   
The input impedance is determined by: 

(11)  𝑍 = = ;   𝐶 =  

as Cgs = Cgs1 = Cgs2 .  
From Fig. 6 it can be seen that the output 

impedance consists of capacitance and resistance 
connected in parallel  

(12)   𝑍 = 𝑅 ‖  
as 

(13)  𝐶 = + +  

(14)   𝑅 = 2  

If ro1 and ro3 are replaced by the following equation 

(15)   𝑟 =  

Then the output resistance is  

(16)   𝑅 = ( )  

where the λ is the slope of the output characteristic. 
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Key parameters of OTA related to the design of 
gyrator based Gm-C filters 

Depending on the applications, designers choose 
between the importance of the following key 
parameters: control of Gm, output resistance Ro, 
linearity, DC stability. 

• Control of Gm  
The easiest way to control Gm is by using the tail 

current Iss, according to (10) However, in the formula 
we have a square root of this current and in order to 
obtain a large change of Gm, a large value of Iss is 
required. This relationship depends on the 
linearization method of the I-V characteristic of the 
OTA.  

The second option is to change the transistors 
W / L ratio. This can be achieved by placing several 
stages connected in parallel as shown in Fig.7 [9] [10]. 

  

 
Fig. 7. Example of OTA, consisting four switching 

differential pairs connected in parallel [7]. 
 

They are switching on, when the current Iss flows 
in them and they are switching off, when the current 
Iss stops. These currents and the sizes of the pairs must 
be such that Gm1:Gm2:Gm3:Gm4 = 1:2:4:8. Then the 
equivalent Gm is regulated evenly from Gm1 to 15×Gm1 
with a step of Gm1. The active load is common for all 
pairs. Each pair can have a separate active load, which 
also needs to be switched on/off.  

Another opportunity to control Gm is by parallel 
connecting of the transistors in the differential pair 
and switching the appropriate transistors [11] 

• Output resistance 
In the design of gyrator based Gm-C filters the 

capacitors are connected in parallel to the OTA 
outputs. The capacitive component of the output 
impedance becomes part of this capacitor. The 
resistive part appears in parallel to this capacitor and 
can change some of the filter parameters – usually it 
decreases the pole’s quality factor.  

As mentioned before, the current Iss in (10) is often 
used for tuning the transconducatance Gm for a single 
stage OTA. From this formula it can be seen that the 
dependence of Gm from Iss, simultaneously influences 
the output resistance Ro. In order to avoid this double 
influence over Ro, Ro should have large value enough 
to keep the filter parameters unchanged.  

The increase of Ro can be realized by the following 
methods: (i) by using cascode circuit in the OTA 
output stage [12]; (ii) by placing a negative resistance 
in parallel to the OTA output. 

The differential cascode amplifier used for the 
increasing of the output resistance is shown in Fig. 8 
[8], [13]. As it can be seen from the same figure, the 
number of the active elements is increased, which 
leads to an increased power consumption.  

 
Fig. 8. Differential cascode amplifier. 

The OTA with negative resistance connected in 
parallel to the output is shown in Fig.9. The negative 
resistance is formed by transistors M5 and M6. For 
stability reasons, this resistance needs to be less than 
the output resistance determined by transistors M1 and 
M4. In this circuit Gm is controlled by the current Iss 
and the output resistance with Iss1 [8], [14].  

 
Fig. 9. Differential stage with added negative resistance 

parallel to the output. 
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• Linearity 
One of the main problems in transconductance 

amplifiers is the achieving of good linearity. This 
problem is caused by the nonlinear dependence of the 
drain current on the gate voltage of the transistors in 
the amplifier and the necessity for operation at low 
supply voltages. The nonlinear dependence leads to a 
nonlinear distortion of the output AC signal. It limits 
the maximum amplitude of the OTA output signal and 
its dynamic range. Many efforts have been invested in 
transconductor linearization methods and the progress 
is substantial: the first proposed OTAs had a 
maximum input voltage of 30 mV, while nowadays 
the achieved linear range is about 1 V at significantly 
lower supply voltages [2], [13].  

There are many methods for linearization of the  
OTA I-V characteristic, but the most commonly used 
are the following two: placing degeneration resistors 
and cross-coupled differential pairs.  

In the first method degeneration resistors are 
placed in the sources of the OTA’s output stages 
where the signal is largest [8], [15]. In this way, a 
negative feedback is created.  

The differential amplifier circuit with included 
degeneration resistors and its modification is shown in 
Fig. 10.  

 

 
Fig. 10. (a) Differential amplifier with included 

degeneration resistors Rs (b) modification of the circuit 
aimed at avoiding the dc voltage on the resistors Rs. 

 
The main advantage of this method is its simple 

structure. Usually, resistances are realized with MOS 
transistors operating in the linear region. They give 
better linearity of this circuit, but the equivalent 
transconductance Gm of the circuit is decreased [16]. It 
decreases according to the formula  

(17)  𝐺 , =  

where Gm,deg is the value of the transconductance with 
included resistances Rs. In Fig.10 (a) the dc voltage on 
the resistances Rs leads to the decrease of the maximal 
allowed output differential voltage needed for normal 
operation [17]. It could be compensated with increase 
of the supply voltage. This effect is avoided in the 

circuit from Fig. 10 (b), due to the absence of the 
current flow thought the resistor 2Rs, when the input 
differential voltage is zero [18], [19]. 

The second method for linearization of the OTA  
I-V characteristic is shown in Fig. 11. The OTA core 
consists of two differential pairs, whose outputs are 
cross-coupled [16], [18], [19], [20], [21], [22]. This 
method is based on subtraction of the output currents 
of the pairs, because of the cross connection of the 
OTA outputs 
(18)  𝐼 = 𝐼 , − 𝐼 ,  

 
Fig. 11. OTA with cross-coupled differential pairs. 

 
For fully differential amplifiers, the output current 

is an odd function of the input voltage: 
(19)  𝐼 (𝑉 ) = −𝐼 (−𝑉 ) 

This means, that it can be approximated by a 
polynomial having only odd degrees of Vin: 
(20) 𝐼 = 𝐺 , − 𝐺 , 𝑉 + 𝐴з, − 𝐴з, 𝑉 ++ 𝐴 , − 𝐴 , 𝑉 + ⋯ 

The parameters Gm, A3, А5 , etc. are function of the 
transistor sizes of the pairs and the currents flowing 
through them. The transistors in the differential pairs 
need to be matched. This condition, together with the 
value of the tail current, must be chosen in a way 
ensuring canceling the nonlinear component Vin

3. For 
these two conditions to be satisfied, a strict 
relationship between the parameters of the two pairs 
should be kept. The terms with higher degrees are not 
neglected; they have influence at significantly higher 
values of Vin.   

Therefore, this method is dependent on the pvt 
(process, bias voltage and temperature) changes. 
Similarly, to the previous method, in this method a 
decrease of the transconductance Gm is observed. 

There are other methods for linearization in 
addition to the above two [13]. Such an additional 
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method is the one based on a differential pair, which 
operates in triode region and in that way, it is biasing 
the source dc voltage [23], [24]. Another method is 
using adaptive biasing of the tail current [25]. In this 
method, the dc voltage must be stabilized. There is 
also a method with bulk driven is proposed in [26], 
where additional elements such as amplifiers are 
placed in each arm of the pair to form a feedback. 

Some solutions use two different linearization 
techniques in the same OTA. For example, 
combination of the method with the source 
degeneration resistors and the method with the cross-
coupled differential pair [18], [19]. 

• DC stability 
The differential amplifiers with active load have 

problems with the stability of the dc output voltage. 
This voltage significantly changes at small variations 
of the tail current Iss, the voltage of the active load Vg34 

(Fig. 5), the temperature, the supply voltage etc [16]. 
The reason for the instability: the load line 

determining the drain-to-source voltage of the main 
differential pair in Fig. 5 is part of the output 
characteristics of the transistors in the dynamic load. 
The operating point of transistors M1 and M2 is 
determined by the intersection points of their output 
characteristics and the load line obtained from the 
corresponding output characteristics of M3 and M4. All 
transistors are in active regime and the intersection 
happens in the region, where the slope of the lines is 
very small. In that case, a small change in the 
parameter causes a significant displacement of this 
point.  

Fig. 12. The reason for the instability in the  
dc output voltage for the circuit in Fig. 5. 

For comparison purposes, in the Fig. 12 the load 
line is shown if a resistor is placed instead of M3. It 
can be seen that the angle of intersection with the 
output characteristic of M1 is larger and the voltage Vds 
is more stable.  

 
Fig.  13. Differential OTA with included CMFB. 

The stabilization of the output dc voltage is done 
by adding common-mode feedback (CMFB). In Fig. 
13 two differential OTA with different 
implementation of the CMFB are shown [8], [14]. The 
dc voltages of the two outputs (–out and + output) are 
averaged and the averaged voltage is fed to another 
differential amplifier [12].  

The disadvantage of the circuit in Fig. 13 is that 
the additional gate-source capacitance of transistors 
Mc1a and Mc1b is inserted.   

Comparison between single stage and multiple 
stage OTA with respect to frequency dependence 

Тhe frequency range in which OTAs can operate is 
finite. The limitation can from the frequency 
dependence of Gm and/or additional parasitic 
capacitances.  

Single stage OTA has higher upper limit for the 
frequency due to appearance of transient capacitance 
Ct. However, large Gm values require larger transistors 
sizes (W/L) and larger dc currents.  

 

Fig.14. Equivalent circuit of a single stage OTA. 

For a single stage OTA, the frequency dependence 
of Gm given by  
(21)  𝐺 = 𝐺 (1 − 𝑠𝜏) 
where τ = Ct /2Gm0.  
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Multiple stage OTA can achieve higher Gm easier. 
However, the interface between stages creates pole, 
which limit the frequency of operation. 

Fig.15. Block circuit of a two stage OTA. 

For multiple stage OTA (Fig. 15), the frequency 
dependence of Gm is given by  

(22)  𝐺 =   

The analysis of the frequency dependence of Gm 
reveals that for single stage OTAs the frequency 
dependence is approximated by a single positive zero, 
while for multiple stage OTAs – it is approximated by 
a single negative pole. 

This means that Gm in the single stage OTA 
increases at very high frequencies, while in the 
multiple stage OTA it decreases. The frequency at 
which Gm starts to change is lower in multiple stage 
OTAs than the frequency in single stage OTAs; hence, 
multiple stage OTAs are more suitable for operation at 
lower frequencies, while single stage for higher 
frequencies. 
However, the multiple stage OTAs give larger values 
for Gm; this is required in filters intended for operation 
at very high frequencies.  

Applications  
Hertz and sub-Hertz frequency range is appropriate 

for digital filters. In these cases a very small 
processing speed is needed and any processor can be 
used. However, digital filters require several satelite 
blocks: ADC and DAC, clock generators. All of them 
are increasing the circuit power consumption. For this 
reason, analog filters are preferably used in 
applications where power consumption is cruical: bio-
medical devices, esspecialy implantabile devices, 
remote long working sensors, etc.  

The values of the components determining the pole 
frequency are adjustable enabling frequencies from 1 
Hz to hundreds of MHz.  Since the ωp = Gm /C , for 
very low frequencies tens of pF and nS or pF and 
hundred of pS are required [27].  

The increase of the frequency requires higher 
values of Gm, which leads to the increase of the bias 
current.  

Table 1  
Gyrator based Gm-C filters for 

 low frequency applications 

 [17] [18] [19] [21] [28] 

Year 2016 2009 2000 2011 2016 

Filter Type BPF LPF LPF BPF BPF 

Technology 
CMOS [µm] 0.18 0.18 0.8 0.35 0.18 

Order 4th 5th 6th 7th  4th 
Supply 
voltage  

[V] 
1 1 1.5 1 1 

Bandwidth 
[Hz] 212 - - 1 - 

Center 
frequency 

[Hz] 

0.3k-
2.4k 240 2.4 1-64 80-

6.18k 

Power 
Consumption 

[W] 
61n 453n 10µ 60p 462p 

Dynamic 
Range [dB] 52 50 60 43 57.6 

THD [dB] -50.23 -48.6 -50 - - 

Table 2  
Gyrator based Gm-C filters for 
 high frequency applications 

 [12] [16] [22] [29] 

Technology 0.25µm 0.13µm 0.18µm 28nm 

Filter Type LPF LPF LPF LPF 
Order 4th 2nd 3rd 3rd 

Supply 
voltage [V] 3.3 1.2 1.8 0.7-1 

Center 
frequency 

[MHz] 
65-350 200 50-300 454-459 

Power 
Consumption 

[mW] 
70  20.8 205.2 4-5.6 

Dynamic 
Range [dB] 54 - 73.5 - 

In-band gain 
[dB] - 0 0 -0.7 to -

0.3 

Conclusion  
Gm-C filters with gyrators are widely popular in 

modern integrated circuit design for simulating the 
presence of inductors in LC circuits. In this paper we 
reviewed the types, architecture, and properties of 
gyrator based Gm-C filters. The most significant 
parameters of OTA related to Gm-C filters are 
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considered - control of Gm, output resistance, linearity, 
and DC stability. We summarized various techniques 
for optimizing OTA parameters.  

A comparison between single stage and multiple 
stage OTAs was performed with respect to frequency 
dependence of Gm. The multiple applications for very 
wide frequency range starting from few Hz 
(biomdeical devices) up to several hundred of MHz 
(wireless communications) were outlined. 
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