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Abstract – The design of tunable operational
transconductance amplifier with wide linear range has
become increasingly challenging with the scaling in the
power supply voltage. Use of control voltage for the purpose
of tunability often results in narrow linear range.  With the
reduction in supply voltage in recent years the use of voltage
as the control parameter has even become more difficult.
Bias current can be used for controlling gain but it requires
high supply voltage. This paper is a study of various
techniques that can be used to achieve electronic tunability in
CMOS OTA.
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I. INTRODUCTION

Operational Transconductance Amplifier (OTA) is a
device that translates voltage inputs to current output. It is
basically a voltage- controlled current source. More
specifically the term “operational” comes from the fact
that it takes the difference of two voltages as input for the
current conversion [1].The OTA symbol is shown in Fig.
1. When the transconductance of the OTA can be varied
then it is known as tunable OTA. Tunable OTA is a
versatile building block for continuous time analog signal
processing. Tunable OTA are widely used to develop
floating and grounded resistors, balanced output
integrators, adders, subtractors, multipliers, gm-C active
filters, automatic gain control circuits [2-4, 16], etc.
Common-mode range (CMR) and differential-mode range
(DMR) are two important aspects of OTA filters and are
strongly dependent on tuning [5]. Transconductance
tuning is required not only to compensate for fabrication
tolerances but also to achieve programmability of relevant
parameters [6].

Fig.1. OTA symbol [1]

Tunability is frequently accomplished by the use of
MOS transistors functioning as source degeneration
devices in the triode region [7-8], since their equivalent
resistance can be freely adjusted. To improve their
linearity active cascades are regularly used to limit the
drain to source voltage difference of the input transistor.

The several techniques to design linear tunable OTA based
on MOS transistors operating in saturation region have
been reportedin [9, 11, 18, 19, 21, 22].However most of
them operate in voltage-control mode and the controllable
voltage range is rather limited. Another method of tuning
transconductance (gm)is by changing the bias current (Ibias)
of the differential pair. Transconductance is proportional
to the square root of bias current which limits the
allowable input swing. Various approaches have been
proposed to make transconductance gain linearly
dependent on bias current. With recent scaling in CMOS
technologies use of voltage as control parameter for tuning
is becoming increasingly difficult and thus for low voltage
OTA applications, tuning is often achieved using bias
current as it shows better linear range at low voltages. In
this manuscript, the various techniques to design tunable
OTA are discussed.

II. TUNABLE OPERATIONAL

TRANSCONDUCTANCE AMPLIFIER

Tuning in OTA is achieved by either varying
transconductance as function of control voltage or biasing
current.
2.1) Voltage-Controlled OTA

Several researches have suggested voltage-controlled
operational transconductance amplifier [10-16]. By
changing the control voltage, the transconductance of an
OTA can be changed. In these circuits the device is
operated in either square law region or triode region. The
main advantage of voltage mode OTA circuits is that the
operationof these circuits is quite simple.

Alinear tunable transconductor proposed in [10], uses
linear composite n- channel MOSFETs and CMOS
composite FET as basic cell. A differential linear relation
is attainedby cross-coupling the elementary cells. The
linear range of circuit is modified by replacing the
transistors in elementary cell with CMOS composite
transistor. The circuit is biased by a constant current
source. The use of constant current source prevents the
transistors from leaving strong inversion region and hence
improves the linearity. Wang et al. [11] have proposed
bias offset technique to design a tunable gain OTA. Two
cross coupled differential transistor pairs operating in
saturation region are used to obtain perfect linear transfer
characteristics. The differential pair is biased with two
different voltages. Current mirror is used to obtain single
ended output. Channel length modulation, mobility
reduction and mismatch between differential pair give rise
to non-linearity in the circuit. A low-voltage triode
operational transconductance amplifier has been proposed
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in [12], which use three transistors between the supply
rails. The input transistor is biased in triode region and is
tuned by varying the control voltage VC. The self-cascode
configuration has been used to improve the linearity,
output resistance and bandwidth of the circuit. The non-
linear effects in the Pseudo differential operational
transconductance amplifier have been presented in [13].
The circuit uses pseudo differential structure with common
mode feedback (CMFB). The pseudo differential structure
provides wider input range and low voltage applications
because the voltage drop across the tail current source is
avoided. Common mode feedback circuit fixed the
common mode voltage at different high impedance nodes.
Mahmoud et al.[14]proposed balanced operational
transconductance amplifier (BOTA) developed using
balanced differential output configuration. The BOTA is
programmed using a control voltage (VC) and have two
input voltages and two balanced output currents as shown
in Fig. 2. Because of the use of balanced output
configuration the circuit gives less distortion.

Fig.2. BOTA [14]

Soliman et al. [15]have presented digitally controlled
balanced output transconductor based on BOTA suggested
in [14] and MOS switches. The transconductance of the
circuit is controlled by either analog voltage VC or n-bit
digital controlword. The design method is based on
choosing an optimum value of VC to obtain a wide linear
range and controlling the transconductance value through
the n-bit digital word. The common mode feedback circuit
is used to prevent the drift in the output common mode
voltage. Vijayaet al. [16] have presented a high frequency,
low voltage highly linear OTA. The circuit involves two
differential amplifiers with their outputs cross coupled.
The desired transconductance is achieved using main
differential amplifier and other transconductor act as
compensatory differential amplifier to compensate third
harmonic distortion. Tunability is achieved by using bias
offset at the gate of both the differential amplifiers using
level shifters. Compensation is obtained through adjusting
bias currents of cross coupled differential amplifiers and
by maintaining these amplifiers in strong inversion region.
2.2) Current-Controlled OTA

The main disadvantage of voltage-controlled OTAs is
that their limited controllable voltage range. Hence narrow

linear tunable transconductance ranges are available in
literature. But for some applications,operational
transconductors whose transconductance gain can be
linearly controllable by a DC bias current are preferable.
Several researches have suggested current-controlled
operational transconductance amplifier [17-22]

Koizel et al. [17] have proposed OTA whose input stage
is the cross-coupled quad cell formed by two
unsymmetrical differential pairs and a conventional,
symmetrical differentialpair followed by a current mirror.
The use of current mirror at the output improves the
linearity.

Fig.3. Schematic diagram of a balanced CMOS OTA [18]

Abalanced single-output CMOS OTA suggested in [18]
uses bias current approach. The circuit is developed by
MOS coupled pair M1-M2 and current mirrors M4-M3
and M5-M6 shown in Fig. 3.All the transistors in the
circuit are biased in saturation region. The
transconductance of balanced CMOS OTA varies non-
linearly with bias current. The linear variation is obtained
by the use of three balanced OTAsas shown in Fig 4. The
OTA1 converts a differential input voltage into a current
iL, which flows into an active resistor RL, developed by the
OTA2. The third OTA (OTA3) converts the voltage drop
across OTA2 into the output current..

Fig.4. EOTA [18]

In [19], a modified form of EOTA, shown in Fig. 5 has
been presented, which is developed by two OTA and one
active resistor. The basic circuit of modified EOTA
remains same as the balanced single output CMOS OTA
[18] with same principle. The active resistor is formed by
two NMOS transistors and the value of resistance is equal

to K(V − V ) , where VDD is the supply voltage, VT is

the threshold voltage and K is the transconductance
parameter of NMOS transistor.
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Fig.5. EOTA with active Resistor [19]

OTA suggested in [20] is based on MOS resistor
linearization technique that uses quasi floating gate
(QFG). The input signal is transferred to the voltage to
current (V-I) conversion element by means of a high-
speed feedback loop.  Quasi-floating-gate MOS transistors
biased in the triode region are used to accomplish linear
V-I conversion. Also low sensitivity to transistor
mismatch and reduced harmonic distortion in the circuit
has been achieved due to the absence of current mirrors in
the signal path.

Wanlopet al. [21]suggested a balanced output
transconductance amplifier shown in Fig.6that accepts two
input voltages and provides balanced output currents. The
fixed gain differential transconductor is followed by
variable current gain cell. The current gain cell is modified
from a current-mode translinear circuit. Variable current
gain cell basically consists of current mirror circuit. The
current at port I1 and I2 are multiplied n time by the current
mirror arrangement to produce differential output currentsi and i at the ports A1 and A2, respectively. Fully
balanced differential transconductor provides balanced
output which is used to drive current gain cell.

Fig.6. Balanced output transconductance amplifier
(BOTA)(a) Symbol (b) Building block of the balanced

output CMOS OTA [21]

OTA presented in [22]employed the pseudo-differential
configuration circuit for the V-I conversion. The main
difference between the pseudo – differential and fully
differential configuration is that the negative input should

be used as a reference only. Negative input is not intended
to carry signal of interest. The overall block diagram of the
circuit is shown in Fig.7. It consists of the fully balanced
pseudo-differential transconductor cascaded with the
programmable gain current amplifier. Programmable gain
cell basically consist of network of current mirrors.

Fig.7. Building block of CMOS pseudo transconductor
[22]

Li et al. [23] proposed an operational transconductance
amplifier whose gain is digitally as well as linearly
controlled. The tunable OTA is realized using a class AB
current mirror, a current division network and two fully
balanced differential transconductors. The first differential
transconductor is developed using PMOS differential pair
and the other by NMOS differential pair. Biasing current
is used to change the gm of the OTA which is provided by
the output of class AB current mirror.

III. COMPARISON

The voltage-controlled OTAs[11-12, 14-16] have been
compared in table I. From the table, it is observed that the
maximum transconductance range, minimum power
supply voltage requirement and maximum bandwidth
available in [14], [15,16] and [16] respectively.

Table I: Comparison of voltage-controlled OTAs
Circuit

Parameters
[11] [12] [14] [15] [16]

CMOS
Technology

NA 3µm 0.5 µm 2µm 0.35 µm

VDD(V) 5 4 3.3 2.5 2.5
gm(µA/V) NA 6 640-1350 25 539

Bandwidth
(MHz)

NA NA NA NA 146

Various current-controlled operational transconductance
amplifiers [17- 22] have been compared and their
parameters are listed in table II. From the table, it can be
seen that the pseudo differential operational
transconductance amplifier presented in [22] uses
minimum power supply voltage and gives maximum
transconductance, and OTA suggested in [20] gives
minimum harmonic distortion of -83 dB whereas OTA
proposed in [21] has maximum bandwidth of 780 MHz.

Table II: Comparison of Current-Controlled OTAs
Circuit

Parameters
[17] [18] [19] [20] [21] [22]

CMOS
Technology

.5
µm

1 µm 1 µm 0.5µm
.5

µm
.18

VDD(V) 5 5 5 3.3 1.5 .9

gm

(µA/V)
34-
105

539 102.4 50-200 854
3.36-
452.4

Power
(mW)

5.7 NA NA 1.25 NA NA
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HD3
-

47dB
NA NA -83dB NA NA

Bandwidth
(MHz)

NA 120 47 NA 780 687.5

NA(Not available)

IV. CONCLUSION

In this paper various suggested techniques to develop
tunable OTA have been addressed and their performances
are also compared. Tunable OTA is versatile building
block in various applications.gm-C filters made using
tunable OTA gives excellent high frequency response and
are thus preferred over Op-Amp filters. Tuning in OTA
can be achieved by either varying bias current or control
voltage. Scaling of supply voltage over the years has made
the use of voltage as control parameter very difficult.
Tunable OTAs developed using bias current technique
have high linear ranges and can operate at low voltages
and hence they are preferred.

REFERENCES

[1] K.R. Laker and andW.M.C. Sansen, “Design of Analog
Integerated Circuit and systems”, Mcgraw-Hill, New York,
1994, pp. 408-412.

[2] BehzadRazavi, “Design of Analog CMOS Integrated Circuits,”
Tata McGraw-Hill Publishing Company Limited, 2002.

[3] B Johns, D.A. and Martin K., “Analog Integrated Circuit
Design,” John Wiley and Sons, 1997, pp. 574-576.

[4] E. Sanchez-Sinencio and J.Silva-Martinez, “CMOS
transconductance amplifiers, architectures and active filters: a
tutorial,” IEE Proc. G. Circuits Devices syst., Vol.147, Feb.
2000, pp. 3-12.

[5] Paolo Bruschi, Fabio Sebastiano and NicoloNizza, “CMOS
transconductor with nearly constant input ranges over wide
tuning intervals,” IEEE Transactions on Circuits and Systems II,
Oct. 2006, pp.1002-1006.

[6] MeghrajKachare, Antonio J. Lopez-Martin, Jaime Ramirez-
Angulo and Ramon G. Carvajal, “A Compact Tunable CMOS
Transconductor with Linearity,” IEEE Transactions on Circuits
and Systems II: Express Briefs, Feb. 2005, pp. 82-84.

[7] Z. Czarnul and S. tagaki, “Design of linear tunable CMOS
differential transconductor cells,” Electronic Letters, Oct. 1990,
pp. 1809-1811.

[8] F.Krummenacher and N. Joehl, “A 4-MHz CMOS continuous –
time filter with on-chip automatic tuning,” IEEE J. Solid-State
Circuits, June 1988, pp. 365-379.

[9] A. Veeravalli, E.Sanchez-Sinencio, J. Silva-Martnez,
“Transconductance amplifier structures with very small
transconductances: A comparative design approach,” IEEE
Journal of Solid-State Circuits, June 2002, pp.770-775.

[10] Huang SC, Ismail M, “Linear tunable COMFET
transconductor,” Electronics Letters, Vol. 29, Mar. 1993, pp.
459–461.

[11] Wang Z, Guggenbuhl W, “A voltage-controllable linear MOS
transconductor using bias offset technique,” IEEE Solid-State
Circuits, Vol. 25, Feb. 1990, pp.315–317.

[12] John Richard E. Hizon and Esther Rodriguez- Villegas, “A
Compact Linearly Tunable Low Voltage Triode OTA Using
Self-Cascodes,” IEEE International Symposium on Circuits and
Systems (ISCAS), May 2012, pp. 440-443.

[13] Ahmed Nader Mohieldin, Edgar Sánchez-Sinencio and José
Silva-Martínez, “Nonlinear Effects in Pseudo Differential OTA
with CMFB,” IEEE Trans. Circuits Syst. II, Analog and Digital
Signal Processing,vol. 50, Oct. 2003, pp.762-770.

[14] Mahmoud SA and Soliman A.M, “CMOS balanced output
transconductor and application for analog VLSI”,
Microelectronics Journal, Vol. 30, Jan. 1999, pp. 29–39.

[15] Soliman a. Mahmoud,” Digitally Controlled Balanced Output
Transconductor: CMOS realization and applications,”
International Conference on Microelectronics, Dec. 2003, pp.
212–214.

[16] Vijayabhadauria, Krishna Kant, Swapna Banerjee, “A tunable
transconductor with high linearity,” IEEE Asia Pacific
Conference on Circuit and system, Dec. 2010, pp. 5-8.

[17] S. Koziel and S. Szczepanski, “Design of highly linear tunable
CMOSOTA for continuous-time filters,” IEEE Trans. Circuits
Syst. II, Analog Digit. Signal Process., vol. 49, no. 2, Feb. 2002,
pp. 110–122.

[18] Kaewdang K, Surakampontorn W, “On the realization of
electronically current tunable CMOS OTA,” International
Journal of Electronics and Communications, May 2007, pp.
300–306.

[19] Kaewdang K, Surakampontorn W, “A Wide Tunable Range
CMOS OTA,” IEEE ECTI-CON, May 2008, pp. 705-708.

[20] C.Luján-Martínez, Ramon Gonzalez Carvajal, “A tunable
pseudo-differential OTA with – 78 db THD consuming 1.25
mw,” IEEE Transactions on circuits and systems, Vol. 55, June
2008, pp. 527-531.

[21] Kaewdang K, Surakampontorn W, “A balanced output CMOS
OTA with wide linear current tunable range,” International
Journal of Electronics and Communications, Vol. 65, Oct. 2010,
pp. 728-733.

[22] Jing Wei and Weidong Wang, “A Wide Tunable Range Pseudo-
Differential OTA,” International Conference onElectric
Information and Control Engineering, Apr. 2011, pp. 134-137.

[23] Zhi-jun Li,Yi-chengZeng and Bin Liu, “A novel OTA with
digitally controlled and linearly tunable transconductance,”
International Conference on Consumer Electronics,
Communications and Networks, Apr.2012, pp.64-67.

AUTHOR’S PROFILE

Sumit Verma
is currently pursuing M.Tech. in VLSI Design &
CAD from Thapar University, Patiala. He received
his B.Tech. degree from Punjab Technical
University, Jalandhar in 2010. His research interests
are in the areas of Analog and Digital Integrated
Circuits and Microprocessors.

Rishikesh Pandey
is presently working as Assistant Professor at Thapar
University, Patiala. His teaching and research
interests are in the areas of Analog & Digital VLSI
Design and Analog Signal Processing.


