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Abstract: In the paper, a transformation method of frequency fil-
ters using Balanced Output Transconductance Amplifiers (BOTA) into
equivalent filtering structures with Universal Current Conveyors (UCC)
is shown. A newly designed multifunction filter using two BOTAs was
derived from the general autonomous circuit and transformed into a
UCC–based frequency filter. The properties of the proposed second–
order multifunction filter were subjected to an AC analysis in the
OrCAD software and the BOTA–based circuit to experimental mea-
surement.
Keywords: multifunction frequency filter, transformation method,
current–mode, voltage–mode, BOTA, UCC
Classification: Integrated circuits

References

[1] T. Deliyannis, Y. Sun, and J. K. Fidler, Continuous-Time Active Filter
Design, Boca Raton, CRC Press, 1999.

[2] U. Tietze and C. Schenk, Halbleiter–Schaltungstechnik, Springer Verlag,
2002.

[3] G. Ferri and N. C. Guerrini, Low-Voltage Low-Power CMOS Current
Conveyors, London, Kluwer Academic Publishers, 2003.

[4] R. L. Geiger and E. S.-Sinencio, “Active Filter Design Using Operational
Transconductance Amplifiers: A Tutorial,” IEEE Circuits Devices Mag.,
vol. 1, pp. 20–32, 1985.

[5] S. A. Mahmoud and A. M. Soliman, “A CMOS programmable balanced
output transconductor for analogue signal processing,” Int. Journal of
Electronics, vol. 82, no. 6, pp. 605–620, 1997.

[6] J. Wu and E. I. E.-Masry, “Universal voltage- and current-mode OTAs
based biquads,” Int. Journal of Electronics, vol. 85, no. 5, pp. 553–560,
1998.

[7] D. Becvar, K. Vrba, and R. Vrba, “Universal current conveyor: A novel
helpful active building block,” In Proc. of the 7th IEEE Int. Conference
on Telecommunications ICT 2000, pp. 216–220, 2000.

[8] J. Cajka, T. Dostal, and K. Vrba, “General view on current conveyors,”
Int. Journal of Circuit Theory and Applications, vol. 32, pp. 133–138,
2004.

c© IEICE 2007
DOI: 10.1587/elex.4.650
Received September 19, 2007
Accepted September 25, 2007
Published November 10, 2007

650



IEICE Electronics Express, Vol.4, No.21, 650–656

[9] D. R. Bhaskar, R. K. Sharma, A. K. Singh, and R. Senani, “New Dual-
Mode Biquads Using OTAs,” FREQUENZ: Journal of RF-Engineering
and Telecommunications, vol. 60, no. 11–12, pp. 246–252, 2006.

[10] R. F. Ahmed, I. A. Awad, and A. M. Soliman, “A Transformation
Method from Voltage-Mode OP-Amp-RC Circuits to Current-Mode Gm-
C Circuits,” Circuits, Systems, and Signal Processing, vol. 25, no. 4,
pp. 609–626, 2006.

[11] R. Sponar and K. Vrba, “Measurements and behavioral modeling of mod-
ern conveyors,” Int. Journal of Computer Science and Network Security,
vol. 6, no. 3A, pp. 57–65, 2006.

[12] J. Jerabek and K. Vrba, “Filters Based on Active Elements with Current
Mirrors and Inverters,” Int. Transactions on Communication and Signal
Processing, vol. 8, no. 1, pp. 1–8, 2006.

[13] D. Kubanek and K. Vrba, “Active Filter with Current Operational Am-
plifiers for High–Speed Data Communications,” In Proc. of the 2nd Int.
Conference on Systems, ICONS 2007, pp. 1–4, 2007.

[14] N. Herencsar and K. Vrba, “Method for Designing Frequency Filters
Using BOTA,” In Proc. of the 2nd Int. Conference on Systems, ICONS
2007, pp. 1–6, 2007.

[15] OrCAD, Inc. OrCad PSpice User’s Guide -pdf online file USA: OrCAD,
1998 [Online] http://www.electronics-lab.com/downloads/schematic/
013/

[16] MAX435/MAX436, “Wideband Transconductance Amplifier with Dif-
ferential Output,” Datasheet, Maxim Integrated Products, 1993.

1 Introduction

In the last years a number of new active elements for designing tunable
frequency filters working in the current or the voltage–mode have been de-
veloped. Primarily these are CFA (Current Feedback Amplifier) [3], OTA
(Operational Transconductance Amplifier) [1, 4], BOTA (Balanced Output
Transconductance Amplifier) [5, 14], CC (Current Conveyors) [3, 7, 8], COA
(Current Operational Amplifier) [13] or pure–current element CMI (Current
Mirror and Inverter) [12]. Numerous scientific papers and publications deal-
ing with filters using these active elements have been presented [6, 9, 10]. In
this paper we are concerned with the application of transconductance am-
plifiers BOTA, because in integrated structures these circuits have excellent
frequency properties. For experiments a commercially available amplifier,
BOTA MAX435 by Maxim Integrated Products [16], was used.

This paper is focused on the design of multifunction filters with two
transconductance amplifiers. These filters are often appropriate for signal
processing in the analog sections of data communication systems, in cable
modems, in hard–drive communication interfaces or in piezoresistive pres-
sure sensors.

2 Balanced Output Transconductance Amplifier and Universal
Current Conveyor

Operational transconductance amplifiers with a single output (OTA) were
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made commercially available for the first time in 1969 by RCA. In 1985
R. L. Geiger and E. Sánchez–Sinencio published an article [4], where they
presented to wide community the new CMOS OTA architectures and new
frequency filter circuits using the new active element. The endeavour of
designers to reduce the number of active elements and thus also the size of
the chip led to the development of operational transconductance amplifiers
with balanced current outputs – BOTA [5, 14].

For the realization of multifunction filters the current conveyors can be
used as well. The first–generation current conveyors were presented by Sedra
and Smith in 1968 [3]. Since then more types of current conveyors have suc-
cessively been designed [8]. In 2000 at our workplace and in collaboration
with AMI Semiconductor Design Centre Brno the UCC (Universal Current
Conveyor) was designed and developed in the CMOS 0.35μm technology [3,
7], under the designation UCC–N1B. The UCC helps to realize all exist-
ing types of current conveyors of all generations such as CCI+/–, CCII+/–,
CCIII+/–, ICCI+/–, ICCII+/–, ICCIII+/– and other types, e.g. DVCC and
DDCC.

For experiments, the only commercially available BOTA element is the
MAX435 [16] circuit. The BOTA circuit can be replace of with UCC. A
possible technique of substituting for BOTA is shown in Fig. 1.

Fig. 1. Equivalent circuits.

For this element it holds:

Ia = Ib = 0, and Ic = −Id = gm(Vp − Vn), (1)

where gm is the transconductance. For equivalency it must hold gm = GK.
The method for the transformation of a multifunction filter using BOTA into
the equivalent UCC–based multifunction filter is shown in Chapt. 3.

3 Current– and Voltage–Mode Multifunction Frequency Filter
Using BOTA and UCC

In the realization of filters, emphasis is on their maximum simplicity. Ad-
vantageous filters are those which have as many grounded passive elements
as possible, because of the integration of circuits. The proposed current–
and voltage–mode multifunction frequency filter shown in Table I matches
these requirements. The complex voltage and current transfer functions of
the proposed filter with driving voltages VIN1, VIN2, VIN3 and current IIN are
also shown in Table I.
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Table I. Current– and Voltage–Mode Multifunction Fre-
quency Filters Using BOTA and its Equivalent
Multifunction Frequency Filters Using UCC.

In both the current and the voltage modes the circuit can be used as a
low–pass, band–pass and high–pass filter.

The characteristic frequency and the quality factor of these filters are:

ω0 =
√

gm1gm2

C1C2
, (3)

Q0 =
1

G1

√
gm1gm2C2

C1
. (4)

For the required values Q0, ω0, and the chosen values C1 and C2 we can
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determine the other parameters necessary for the design:

gm1 = gm2 = ω0

√
C1C2, (5)

G1 =
ω0C2

Q0
. (6)

All filters have in their denominator the same left side of characteristic
Eq. (2) of the circuit function and the characteristic frequency, quality factor
and relevant relative sensitivities are identical for all types of filters. The
relative sensitivities of characteristic frequency and quality factor are the
following:

−Sω0
C1

= −Sω0
C2

= Sω0
gm1

= Sω0
gm2

=
1
2
, Sω0

G1
= 0, (7)

−SQ0
C1

= SQ0

C2
= SQ0

gm1
= SQ0

gm2
=

1
2
, SQ0

G1
= −1. (8)

From the results it is evident that the sensitivities of the circuit are low.
Potential deviations, which occur in manufacturing, can be compensated by
changing the values of transconductance gm by the driving current ISET.

For the demonstration of the equivalence of BOTA and UCC the current–
and voltage–mode multifunction filter presented in Table I was chosen. The
equivalent current– and voltage–mode multifunction filter using UCC is also
shown in Table I. For the current–mode multifunction filter its adjoint
voltage–mode filter was derived. The adjoint counterpart of the original
UCC is again UCC, in which the following changes were made: Y+ ↔ Z−
and Y− ↔ Z+. Here the symbol ↔ means that it is necessary to perform
the indicated interchanges of gates, i. e. in place of Y+ it is necessary to
consider Z− and vice vesa or in place of Y− to consider Z+ and vice vesa.
The primary parameters, i. e. characteristic equation, complex voltage and
current transfer functions of the proposed filter with driving voltages VIN1,
VIN2, VIN3 and current IIN are also shown in Table I.

The filter example was designed for the characteristic frequency f0 ≈
1 MHz and the quality factor Q0 = 0.707 based on the Butterworth approx-
imation [2]. Capacitors C1 = 1nF and C2 = 470 pF were chosen. Other
parameters are: gm1 = gm2 = GK1 = GK2 = 4.18mA/V, and R1 = 240Ω.
For computer simulation the MAX435 [16] company models and a 3rd–level
model of UCC–N1B [11] were used in the OrCAD software [15]. The compar-
ison of the characteristics of a filter using these elements is shown in Fig. 2 (a)
and (b). From the results it is evident that when using MAX435 the results
are closer to the ideal curves than when using UCC–N1B.

4 Experimental Results

The current–mode second–order low–pass, band–pass and high–pass filters
were chosen for the implementation presented in Table I. The characteristic
frequency f0 ≈ 1MHz and quality factor Q0 = 0.707 based on the Butter-
worth approximation [2] were chosen in the implementation of the filters.
Capacitors C1 = 1nF and C2 = 470 pF, resistor R1 = 1/G1 = Q0/(ω0C2) =
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Fig. 2. Frequency characteristics of simulation a) current–, b) voltage-
mode multifunction filters shown in Table I using MAX435 and
UCC, c) measured frequency responses of current–mode second–
order multifunction filter using MAX435.
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240Ω and transconductance gm1 = gm2 = ω0
√

C1C2 = 4.18mA/V were used
in the realization of the filters.

The measurement was carried out with an HP3589A network/spectrum
analyzer connected to computer via the GPIB bus system. We used a
voltage–to–current and a current–to–voltage converter using OPA860 [11].
These converters have a bandwidth of ca. 100MHz, that is why the experi-
mental results are presented only up to this frequency region. The frequency
responses measured for the second–order low–pass, band–pass and high–pass
filters are given in Fig. 2 (c). The results of measurement are in agreement
with the simulations.

5 Conclusion

In the paper, a new circuit of multifunction filter with two BOTA elements
is presented. The transformation of multifunction filter using BOTA into
equivalent UCC–based multifunction filter is shown as well. The UCC was
designed at our workplace and developed in the CMOS 0.35μm technology in
the AMI Semiconductor Design Centre Brno. It turned out that the replace-
ment of MAX435 element by UCC–N1B is fully–fledged, which demonstrates
the wide usage of this element. For the simulation of a specific filter solution
the OrCAD software [15], the MAX435 [16] company models and 3rd–level
model of UCC–N1B [11] were used. The designed second–order multifunction
filters were measured experimentally.
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