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Abstract. This paper deals with a single-input multipleoutput biquadratic filter providing three functions (lowpass, high-pass and band-pass) based on voltage differencing differential input buffered amplifier (VD-DIBA).
The quality factor and pole frequency can be electronically
tuned via the bias current. The proposed circuit uses two
VD-DIBAs and two grounded capacitors without any external resistors, which is suitable to further develop into
an integrated circuit. Moreover, the circuit possesses high
input impedance, providing easy voltage-mode cascading.
It is shown that the filter structure can be easily extended
to multi-input filter without any additional components,
providing also all-pass and band-reject properties. The
PSPICE simulation results are included, verifying the key
characteristics of the proposed filter. The given results
agree well with the theoretical presumptions.
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1. Introduction
Analog active filter is one of the standard research
topics in the circuit design. It is commonly utilized block
for continuous-time analog signal processing. It is generally used in many fields, such as communications, measurement, instrumentation, and control systems [1]. Especially, the filters providing several functions within a single
topology, namely the universal or multifunction filter, have
been receiving considerable attention. One of the most
popular analog filters is a single-input, multiple-output
(SIMO) topology in which various transfer functions can
be realized simultaneously. The SIMO topology can be
found in many applications, for example in touch-tone
telephone tone decoder, in phase-locked loop FM stereo
demodulator, or in crossover network as a part of the threeway high-fidelity loudspeaker [2].

The design of analog circuits using active building
blocks, taking into account several various criteria such as
minimum number of active elements or others, has been
receiving considerable attention. Biolek et al. [3] proposed
several circuit ideas of building blocks for voltage-, current- and mixed mode applications. One of them is the
voltage differencing differential input buffered amplifier
(VD-DIBA). This device allows applications with interesting features, especially those providing the electronic
controllability. It is obvious from the literature survey that
a few circuits using VD-DIBA have been hitherto published, for instance the voltage-mode first-order allpass
filter [4], inductance simulator [5], and multiple-input single-output (MISO) voltage-mode biquad filter [6].
This contribution presents a SIMO voltage-mode filter with high input impedance, employing VD-DIBAs. It is
suitable for fabricating as a monolithic chip or also for offthe-shelf implementation, consisting of 2 active elements
and 2 grounded capacitors. The proposed filter can provide
three standard functions (low-pass, high-pass and bandpass). The quality factor and pole frequency can be electronically adjusted.
The paper is organized as follows: In Section 2, which
follows this Introduction, the definition and features of the
VD-DIBA are given, and the proposed filter is also presented. The non-ideal analysis is included in Section 3. The
experimental results, namely SPICE simulations and measurements on a filter specimen, are illustrated in Section 4.
Section 5 describes the filter extension to multi-input topology and transconductance type. The comparison with
previous works is described in Section 6. Some concluding
remarks are given in Section 7.

2. Theory and Principle
2.1 VD-DIBA Overview
The principle of VD-DIBA was introduced in [3]. The
internal construction of VD-DIBA using commercially
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available ICs has been proposed in [4]. Its symbol and
equivalent circuit are shown in Fig. 1(a) and (b), where V+
and V- are the voltage input terminals. The voltage is converted to the z-terminal current via a transconductance gm,
which can be tuned by the bias current. The difference of
z- and v- terminal voltages is copied to the w terminal with
the differential-input unity gain buffer. An ideal VD-DIBA
has low-impedance w terminal and high-impedance v+, v-,
z, and v terminals. The characteristics of VD-DIBA can be
described as follows:
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The relative sensitivities of the proposed circuit can
be found as plus or minus 0.5:

Fig. 1. VD-DIBA: (a) Symbol. (b) Equivalent circuit.

2.2 High Input Impedance Voltage-Mode
Filter Using VD-DIBAs
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The proposed second-order filter is illustrated in
Fig. 2. It consists of two VD-DIBAs and two grounded
capacitors. It is obvious that the proposed filter provides
simultaneously three frequency responses (HP, LP and BP)
with high input impedance property. Considering the ideal
VD-DIBA, a routine analysis of the proposed filter provides the following voltage transfer functions:
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Fig. 2. Proposed voltage-mode filter.
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It follows from (5) and (6) that the quality factor and pole
frequency can be tuned electronically via transconductances.
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The filter pole frequency (ω0) and quality factor (Q) can be
expressed as
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As a drawback, the LP and BP outputs are not of low impedance characters, thus they should be additionally buffered when applicable, or the filter topology should be
modified as described in Section 5.

3. Non-ideal Case
In practice, the influences of voltage tracking errors
from the unity-value gain of internal differential voltage
buffer, and also the parasitic terminal impedances of VDDIBA [4] will affect the filter performance. In this Section,
these parameters will be taken into account. For non-ideal
voltage buffer, its model is as follows:
Vw   Vz   Vv .

(9)
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Here β+ and β- are the voltage error gains from z and v
terminals to w terminal. The influences of parasitic impedances of the v+, v- and v terminals of VD-DIBA No. 2 and
of v+ and v terminals of VD-DIBA No. 1 are negligible
because of their connection to low-impedance outputs w, to
the input voltage source, or to ground. The most important
parasitic impedances are resistive and capacitive parts
affecting the z terminals of VD-DIBAs, acting in parallel to
C1 and C2. Let us denote them Rz1, Cz1, and Rz2, Cz2, respectively. Taking them into account together with (9), the
transfer functions will be modified to the more general
forms:
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It should be mentioned that the stray/parasitic z-terminal
capacitances are absorbed by the external grounded capacitors as they appear in shunt with them. However, the parasitic resistances Rz1 and Rz2 not only affect the 0 and Q by
they also add parasitic zeros to the HP and BP transfer
functions. The product 1  2 of the voltage buffer gains
affects the gain of all the filter sections. As a result, the
effect of the finite low-frequency attenuation of BP and HP
sections appears [7]. It can be described as follows:
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Note that these undesirable finite attenuations strongly
depend on the gmRz product. Consider unity gains of the

(18)

(19)

f 0

Then one can see that a = gmRz products of 101, 102, 103,
and 104 result in the attenuations (18) of 20.9, 40.1, 60,
80 dB for BP output, and in the attenuations (19) of 40.9,
80.1, 120, 160 dB for HP output. Two rules of thumb can
be applied: 1) The BP low-frequency attenuation can be
increased by 20 dB via increasing the gmRz product ten
times. 2) The HP low-frequency attenuation is twice the
size.
Similarly, Equations (14) and (15) for pole frequency
and quality factor can be simplified as follows:
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voltage buffers for the simplicity. Let us denote gmRz=a.
Then (16) and (17) can be simplified to the forms
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It follows from (20) and (21) that high values of a, which
are necessary for suppressing parasitic low-frequency
gains, ensure that the pole frequency and quality factor are
not affected by the finite parasitic resistances Rz.
Note that the analysis of non-ideal case should
include the current limits Imax of the internal gm-stages of
VD-DIBAs. Since these OTAs operate to grounding
capacitors connected to z terminals of VD-DIBAs, the
maximum voltages Vmax at the filter outputs are limited by
the values
I
(22)
Vmax  max .
C
In spite of the simplicity of (22), it describes well the
potential limitations of the dynamic range of the filter due
to nonlinear issues: The appropriate dynamic range can be
ensured more problematically for high-frequency biquad,
employing gm stages with insufficient current-driving capability, especially with high working capacitances. However, the above parameters can be typical for non-on-chip
filter prototyping from commercial ICs.

4. Experimental Results
The proposed universal filter in Fig. 2 was designed
with the following parameters: C1 = C2 = 10 nF,
gm1 = gm2 = 10 mS. The corresponding theoretical values of
the pole frequency and quality factor are f0 = 159 kHz and
Q = 1. The relatively high capacitances were selected in
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order to provide reasonably high gmRz product as explained
below.
The VD-DIBA was implemented from commercial
ICs as shown in Fig. 3. It consists of two basic blocks: the
operational transconductance amplifier-OTA (MAX435)
[8] as input stage and the differential-input buffer
(AD8130) [9] as output stage. The transconductance gain
(gm) can be adjusted by external resistor Rg (gm = 4/Rg) of
the MAX435. The DC power supply voltages are ±5 V.
As obvious from Fig. 3, Rg was finally selected as
390 . The corresponding values of gm and f0 are 10.26 mS
and 163 kHz, respectively. The resistor Rset in Fig. 3 was
designed according to the datasheet [8], providing the upper limit of 10 mA of the OTA current.
+5V

VD-DIBA

shown in Fig. 4. Note that the measured values were imported in PSpice by look-up-table-controlled sources. The
extrapolated low-frequency attenuations are 33.8 dB at BP
output and 67.1 dB at HP output. It is in a good agreement
with the above mentioned values from the error analysis.
The measured pole frequency deviates from the theoretical
value by less than 7% due to tolerance of passive components.
10
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Fig. 4. Frequency responses of the designed filter; lpi, bpi,
hpi: SPICE simulation, Rz ∞; lpr, bpr, hpr: SPICE
simulation, Rz = 5 kΩ; lpm, bpm, hpm: measured.

Fig. 3. VD-DIBA implementation by ICs MAX435 and
AD8130.

In addition to excellent parameters of MAX435
(275 MHz bandwidth, 850 V/s slew rate, 18 ns settling
time, linear I/V characteristic), it provides rather low resistances Rz of the current outputs. The measured values are
only 5 k. It gives, together with the above value of gm, the
product gmRz = 51.3. According to (16) and (17), the estimated parasitic low-frequency attenuations at BP and HP
outputs will be 34.4 dB and 68.6 dB, respectively. As
shown below, these values correspond well with SPICE
simulations and measurements. If higher values are requested, one should decrease Rz and increase capacitances
accordingly, this way preserving the required pole frequency. As results from (20) and (21), gmRz = 51.3 causes
negligible increase of pole frequency and decrease of the
quality factor (below one per cent).
Before manufacturing the prototype, the designed filter was simulated in PSpice. The VD-DIBA was modeled
via SPICE models of MAX435 [10] and AD8130 [11].
Since the model from [10] does not consider the output
resistance Rz of the current outputs of MAX435, it was
modeled by auxiliary resistor with Rz = 5 k. The simulated frequency responses, compared with the characteristics for ideal case (Rz  ) and with the characteristics
measured via the network analyzer Agilent E4061B are

IN

LP

BP

HP

Fig. 5. Large-signal steady-state operation of the manufactured filter for sinusoidal 1.07 V/172 kHz excitation.

In addition to the above small-signal measurements,
the manufactured filter was excited by sinusoidal signal in
order to test the filter stability and signal limits due to nonlinear distortion. For large-signal operation, the pole frequency tends to be slightly increased due to nonlinear effects. Figure 5 shows the measured waveforms for sinusoidal 1.07 V/172 kHz signal. The THD measured are 0.76 %,
0.5 %, and 0.53 % for HP, BP, and LP outputs, respec-
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tively. The magnitudes above ca 1 V cause high increase of
the nonlinear distortion due to current limitations of the gm
stages of VD-DIBAs. Such low dynamic range is caused by
high capacitances used in the filter. For the upper current
limit 10 mA for MAX435, C = 10 nF and frequency
172 kHz, the upper limit of the voltage according to (22) is
0.925 V. It is in very good agreement with the measurements.

age-mode HP, BP or LP outputs, one can use Vo1 or Vo4
terminals. For the operations when the input Vi1 is not used,
the feedback loop to the v terminal of VD-DIBA No. 2
should be led not from w but from z terminal of VD-DIBA
No. 1. Since the output buffer is no longer included in the
feedback loop, the filter stability and high-frequency behavior will be improved.

6. Comparison with Previous SIMO
Voltage-Mode Filters

5. Biquad Generalization
The filter from Fig. 2 can be generalized as shown in
Fig. 6, considering five voltage inputs Vi1 to Vi5 and two
current outputs Io1 and Io2, the latter being added via a “zcopy” technique [3]. The types of filter sections, corresponding to input-output pairs, are summarized in Tab. 1.
The highlighted three items on the first line denoted “Vi1”
describe the features of the original filter from Fig. 2.

Literature survey shows that a lot of papers dealing
with SIMO voltage-mode filter using various active
building blocks have been published [12-30]. Considering
the kinds of active elements, the filters in the above
references employ: current feedback amplifier (CFA) [12],
current conveyor (CCII) [13], [14], four terminal floating
nullor (FTFN) and operational transconductance amplifier
(OTA) [15], differential voltage current conveyor (DVCC)
[16-19], differential different current conveyor (DDCC)
[20-22], DDCC and OTA [23], OTA [24-26], differential
difference current conveyor transconductance amplifier
(DDCCTA) [27], [28], fully differential current conveyor
(FDCCII) [29-31], DDCC and current controlled current
conveyor (CCCII) [32].
The proposed circuit in Fig. 2 is compared with several SIMO voltage-mode filters from [12-32]. The results
are shown in Tab. 2. It can be seen that it matches all the
criteria in the best way among all other filters.

Fig. 6. Multi-input multi-output generalization of filter from
Fig. 2.
Vi1
Vi2
Vi3
Vi4
Vi5
Vi1=Vi3=Vi4
Vi3=Vi4
(1)
(4)

Vo1
HP
-HP
-BP(1)

Vo2
-BP
BP
LP
HP
BP
AP
BR

Vo3
LP

Vo4

-BP(1)
-LP

-BP(1)
-LP

Io1
-HP(2)
HP(2)
BP(3)
HP(2)

Io2
-BP(4)
-BP(4)
-HP(4)
-BP(4)

BP gain is gm2C1/(gm1C2), (2) HP gain is gm1, (3) BP gain is gm2C1/C2,
BP (HP) gain is gm2; otherwise, the gains are equal to one.
Tab. 1. Low-pass (LP), band-pass (BP), high-pass (HP), allpass (AP) and band-reject (BR) sections of multi-input
multi-output filter in Fig. 6.

Note that particularly the column “Vo2” represents
a promising extension of the biquad features: utilizing the
output Vo2, all basic filter types can be implemented via
a proper selection of the inputs, including allpass and bandreject sections (by interconnecting three or two inputs).
The additional current outputs of the internal OTAs of
VD-DIBA No. 1 and 2 can easily serve as current outputs
of BP and HP sections, enabling economical extension of
the filter operation to the transconductance mode.
In the necessity of providing buffered, thus true volt-

In addition to the above SIMO filters, the three-input
single-output voltage-mode biquad utilizing one VDIBA
(voltage differencing inverting buffered amplifier) [33],
two capacitors, and one resistor has been published in [34]
and also in [35]. Note that VDIBA differs from VD-DIBA
by voltage inverter which replaces the differential-input
buffer in VD-DIBA. The filter from [34], [35] pays a tax
for employing only one active element: Electronic control
is limited to one parameter, namely the transconductance of
the VD-DIBA, thus the controlling range is smaller in
comparison to (5), without any possibility not to disturb Q
with tuning f0. Since the single output is not of low-impedance nature, all the implemented filter types require additional voltage buffering.

7. Conclusions
The voltage-mode biquad filter has been presented in
this contribution. The advantages of the proposed circuit
are that: (i) it performs low-pass, high-pass, and band-pass,
functions from the same simple circuit configuration;
(ii) the quality factor and the pole frequency can be electronically controlled; (iii) the filter has high input impedance;
(iv) the circuit uses only two VD-DIBAs, two grounded
capacitors and no resistors, which is attractive for its IC
implementation; (v) the functionality of the filter can be
easily extended for providing all-pass and band-reject sec-
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Active elements

No. of active
elements
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No. of R+C

Electronic
control

Grounded
capacitors only

High input
impedance

[12]

CFA

5

5+2

No

Yes

Yes

[13]

CCII

3(cir.1), 4(cir.2)

6+2(cir.1),
7+2(cir.2)

No

Yes

No

[14]

CCII

4(cir.1&cir.2),
3(cir.3), 2(cir.4)

5+2

No

Yes

No

[15]

FTFN & OTA

2&2

4+2

Yes

Yes

Yes

[16]

DVCC

3

4+2

No

Yes

Yes

[17]

DVCC

3

3+2

No

Yes

Yes

[18]

DVCC

2

3+2

No

Yes

No

[19]

DVCC

1

2+3

No

No

Yes

[20]

DDCC

2

3+2

No

Yes

No

[21]

DDCC

2

3+2

No

Yes

No

[22]

DDCC

1

3+2

No

Yes

No

[23]

DDCC & OTA

1&2

0+2

Yes

Yes

Yes

[24]

OTA

5

0+2

Yes

Yes

Yes

[25]

OTA

8

0+2

Yes

Yes

Yes

[26]

OTA

4

0+2

Yes

Yes

Yes

[27]

DDCCTA

2

2+2

Yes

Yes

Yes

[28]

DDCCTA

3

0+2

Yes

Yes

Yes

[29]

FDCCII

2

2+2

No

Yes

Yes

[30]

FDCCII

1

3+2

No

Yes

No

[31]

FDCCII

1

2+2

No

Yes

Yes

[32]

DDCC & CCCII

1+1

1+2

Yes

Yes

Yes

Proposed
filter

VD-DIBA

2

0+2

Yes

Yes

Yes

Tab. 2. Comparison of various SIMO voltage-mode filters.

tions via selecting various types of voltage inputs; (vi) the
filter topology provides a possibility of its flexible modification and development, depending on the user’s requirements, for example towards the transconductance mode of
the operation.

Mongkut’s Institute of Technology Ladkrabang (KMITL),
Grant No. 2557-0203022; and from Project PRO-K217 of
the University of Defense Brno.

The error analysis reveals that parasitic low-frequency
gains of BP and HP sections can be suppressed via selecting the gmRz product as high as possible. As results from
the experiments described in Section 4, VD-DIBA should
be implemented with Rz high enough. Otherwise, gm must
be designed too high, which results in large working capacitances. Then the corresponding low impedance level is
a source of several troubles, especially low dynamic range
of the voltage signals. For IC implementation, designing
VD-DIBA with extra-high z-terminal impedance is thus
a prerequisite for constructing high-performance biquads.
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