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Abstract: This article relates to the realization of voltage-mode and/or current-mode multifunction biquadratic filter and quadrature 
oscillator circuits each using one voltage differencing gain amplifier (VDGA), two resistors and two grounded capacitors.  The proposed 
dual-mode filter having one output and three inputs can provide the three standard biquadratic transfer functions with both voltage 
and current output filter responses simultaneously.  It also has the independent tuning of the angular resonance frequency and the 
quality factor.  With a slight modification of the proposed filter, a new dual-mode quadrature sinusoidal oscillator can be obtained.  The 
proposed quadrature oscillator provides orthogonal resistive/electronic control of both oscillation condition and oscillation frequency.  
Non-ideal and parasitic conditions are also examined and their effects on the circuit performance are discussed.  To confirm the theory, 
several computer simulation results with PSPICE program are given.
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Enojen multifunkcijski bi-kvadratičen filter na 
osnovi VDGA in sinusni kvadrantni oscilator
Izvleček: Članek opisuje multifunkcijski bi-kvadratičen filter v napetostnem in/ali tokovnem načinu ter kvadrantni oscilator. Oba sta 
zasnovana na osnovi VDGA ojačevalnik, dveh uporov in dveh ozemljenih kondenzatorjev. Predlagan filter ima en izhod in tri vhode, kar 
omogoča uporabo treh standardnih bikvadratičnih funkcij sočasno na napetostnem in tokovnem izhodu. Omogoča tudi neodvisno 
nastavljanje kotne resonančne frekvence in faktorja kvalitete. Z majhnimi spremembami lahko dobimo sinusni oscilator. Raziskani so 
tudi neidealni in parazitni pogoji in njihov vpliv na učinkovitost vezja. Teorija je bila preverjena v PSPICE simulacijskem okolju.
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1 Introduction

Multifunction filters, which can simultaneously realize 
low-pass (LP), band-pass (BP) and high-pass (HP) filter 
responses with the same configuration, are fundamen-
tal circuit elements widely used in the design of several 
electronic systems, such as phase-locked loop frequen-
cy modulators, crossover networks, stereo demodula-
tors, etc.[1]-[2].  For decades, multifunction biquadratic 
filters have been designed by using numerous modern 

electronic active elements, such as second-generation 
current conveyor (CCII) [1], [5]-[9], differential voltage 
current conveyor (DVCC) [2]-[3], [10]-[11], differential dif-
ference current conveyor (DDCC) [4], differential voltage 
current conveyor transconductance amplifier (DVCCTA) 
[12], universal voltage conveyor (UVC) [13], unity gain 
cells [14]-[15], current-controlled current conveyor (CC-
CII) [16], voltage differencing gain amplifier (VDGA) [19], 
voltage differencing transconductance amplifier (VDTA) 
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[20-23].  Considering the number of input and output 
terminals, the previously designed configurations in 
literature can be classified as single-input multi-output 
(SIMO) [1], [3-7], [11-15], [18], [19], [22-23], multi-input 
single-output (MISO) [8], [10], [21] and multi-input multi-
output (MIMO) [9], [16-17] filter topologies. If the type of 
signal processing is considered, these filters can further 
be classified as voltage-mode [3-7], [10-13], [16], [20], 
current-mode [1-2], [8-9], [14], [17-18], [21], and dual-
mode [15], [19], [22-23] filter topologies.  However, this 
finding focuses on the design of the dual-mode SIMO 
multifunction biquad filter with both voltage and cur-
rent output responses using only a single active ele-
ment.  The topology in the literature [15] needs to em-
ploy four voltage followers, four dual-output current 
followers, seven resistors, and two grounded capacitors.  
In [19], the single -input three-output dual-mode multi-
function filter was developed by using two VDGAs and 
three capacitors.  However, this configuration does not 
have the feature of independent control of its natural 
angular frequency (ωo) and quality factor (Q). Separate 
studies in [22-23] introduced SIMO dual-mode biquad 
filters combining a single VDTA, one grounded resistor, 
and three capacitors. Both the circuits still require a float-
ing capacitor and also perform only a biquadratic filter. 

In the design of electronic communication and control 
systems, sinusoidal quadrature oscillators (QOs) which 
can provide two periodic waveforms with a phase dif-
ference of 90° are necessarily needed.  Application 
tasks of QO are, for example, in quadrature mixers for 
mixing the analog signal outputs, in phase sensitive 
detection systems for generating reference signals, 
and in measurement systems for testing electronic de-
vice and circuit characteristics.  Up to now, several vari-
able frequency quadrature oscillator circuits have been 
built employing various types of active elements, such 
as operational amplifier [24], CCII [25-26], DDCC [27], 
four terminal floating nullor (FTFN) [28-30], current 
feedback operational amplifier (CFOA) [31-33], current 
differencing buffered amplifier (CDBA) [34-35], current 
differencing transconductance amplifier (CDTA) [36-
38], VDTA [39], and voltage differencing buffered am-
plifier (VDBA) [40].  Note that the above mentioned QO 
circuits are useful in either voltage [24-27], [31-32], [34-
35], [39-40] or current-mode [28-30], [33], [36-38] ap-
plications.  Some QO configurations were developed in 
[41-49], where the voltage and current quadrature out-
puts are generated simultaneously.  Several dual-mode 
QOs make use of one or more active elements [42-44], 
[47], [49].  Although another set of compact QO realiza-
tions using a single active element were proposed in 
[46], [48], they do not permit non-interactive control of 
the condition of oscillation (CO) and the frequency of 
oscillation (ωosc).  Besides, the possible realization of the 
dual-mode multifunction biquad filter is not available 

with any of the previously mentioned QO realizations.

This contribution led us to the design of the dual-mode 
multifunction biquad filter and sinusoidal quadrature 
oscillator which can provide both voltage and current 
output signals simultaneously.  Each of the proposed 
configurations includes only a single voltage differ-
encing gain amplifier (VDGA) [50], two resistors, and 
two grounded capacitors.  The proposed dual-mode 
multifunction biquad configuration can orthogonally 
control of ωo and Q.  With a slight modification of the 
proposed biquad, a compact dual-mode QO circuit 
with non-interactive adjustment of CO and ωosc is also 
obtained.  Non-ideal characteristics parasitic element 
effects on the behavior of the proposed circuits are 
considered.  The working of the circuits is evaluated by 
simulation results. 

2 VDGA Description 

The VDGA device is a versatile six-terminal active build-
ing block, which is recently introduced in [50].  As a 
consequence, a variety of VDGA-based analog circuit 
applications have been developed in technical litera-
ture, such as active filters [50]-[51], quadrature sinu-
soidal oscillators [52]-[53], and capacitance multiplier 
circuit [54].  Its schematic symbol is shown in Fig.1, 
where p and n are high-impedance voltage input ports, 
z+, z- and x are high-impedance current output ports, 
and w is low-impedance voltage output port.  The ideal 
property of the VDGA device can be characterized as in 
the following matrix equation:
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where gmA and gmB are the transconductance gains, and 
β is the transfer voltage gain of the VDGA.  

Fig.2 shows a CMOS implementation of the VDGA used 
in this work, and it is derived from the one in [50].  Ac-
cording to [55], it can be realized from Fig.2 that each 
transconductance gmk (k = A, B, C) of the VDGA can be 
determined by:
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for i = 1, 2, 3, 4 and the parameter K is the transconduct-
ance of the transistor Mik.  From equations (2) and (3), 
the value of gmk can be scaled electronically, since each 
transconductance gik is proportional to the square root 
of the bias current IBk.  Furthermore, a pair of transcon-
ductors M1B-M9B and M1C-M9C performs a current-con-
trolled voltage amplifier with the voltage transfer gain 
b = vw/vz+ = gmB/gmC.  

3 Proposed dual-mode multifunction 
biquadratic filter  

The proposed dual-mode multifunction biquadratic fil-
ter topology is shown in Fig.3.  It essentially comprises 
a single VDGA, two grounded capacitors and two re-
sistors (one of them is grounded).  A straightforward 
analysis with iin = 0 provides the three voltage transfer 
functions as follows:  
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Therefore, the proposed circuit of Fig.3 provides a non-
inverting BP, a non-inverting LP and an inverting HP 
filter voltage response at the output voltages vo1, vo2, 
and vo3, respectively.  Equations (4)-(7) suggest that the 
characteristics ωo and Q of the filter are obtained as :
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Figure 1: VDGA schematic representation.

 

vp

vx

wp

VDGA
xnvn

vw

iw

ix

ip

in

z+

vz+

iz+

z-

vz-

iz-

-V

+V

M5C

Current-Controlled Voltage Amplifier (β = gmB/gmC)

IBA 

M3A M4A

M1A M2A

M8A M9A

M5A

M6A

M7A

Voltage Differencing Unit

p n
z-

IBB 

M3B M4B

M1B M2B

M8B M9B

M5B

M6B

M7B

z+

x

IBC 

M3C M4C

M1C M2C

M8C M9C

M6C

M7C

w

gmA gmB gmC

Figure 2: Internal circuit configuration of the CMOS VDGA.  
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It is important to note that the parameter ωo is now 
tunable electronically by adjusting gmA and/or gmB, 
while the value of the Q-factor is adjustable through 
the value of R1 without affecting ωo.  In other words, the 
parameters ωo and Q-factor of the filter are orthogo-
nally controllable. 

Figure 3: Proposed dual-mode multifunction biquad-
ratic filter.  

Considering again the proposed dual-mode frequency 
filter given in Fig.3, its routine algebraic analysis with 
vin = 0 also reveals the three following current transfer 
functions: 
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where the denominator D(s) is the same as in equa-
tion  (7).  It is clear from equations (10)-(12) that, by the 
same structure, current-mode HP, BP, and inverting LP 
responses are simultaneously obtained at io1, io2, and io3, 
respectively.  For this version, the ωo and the Q-factor 
are the same as those given in equations (8) and (9).

4 Proposed dual-mode quadrature 
sinusoidal oscillator  

From Fig.3, it is further noted that the dual-mode quad-
rature sinusoidal oscillator is obtainable by setting iin = 
0, and connecting the p-terminal to the w-terminal of 
the VDGA.  The resulting QO circuit is depicted in Fig.4, 
and its characteristic equation is found as:
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From the above equation, the CO and ωosc of the real-
ized QO are respectively given by:
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It is clear from equations (14) and (15) that the CO of 
the oscillator can be varied independently of ωosc by R1.  
This QO provides two voltage outputs and two current 
outputs, which relate as follows:
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Figure 4: Proposed dual-mode quadrature sinusoidal 
oscillator.
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Equations (16) and (17) show that the two voltage and 
current outputs are each other shifted in phase by 90°, 
thereby exhibiting quadrature property to the pro-
posed QO circuit.  Moreover, the proposed oscillator 
also offers versatility by simultaneously providing both 
quadrature voltage as well as current outputs.  

5 Effect of VDGA Non-idealities

5.1 Effect of transfer errors

Taking into consideration the VDGA non-idealities, the 
characteristic of the practical VDGA can be written as:
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In above expression, αk (αk = 1 - εα) is the transconduct-
ance inaccuracy parameter and δ (δ  = 1 - εδ) is the non-
ideal voltage transfer gain of the VDGA.  These unwant-
ed parameters alter from unity by the transfer errors εα 
(|εα | << 1) and εδ (|εδ | << 1), respectively.

The proposed dual-mode multifunction biquadratic filter of 
Fig.3 is re-analyzed using the non-ideal performance relation 
(18) of VDGA, and the non-ideal ωo and Q become as follows:
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Equations (19) and (20) indicate that the transfer er-
rors directly affect the parameters ωo and Q of the filter.  
However, since αA and αB are typically close to unity, 
these small deviations can be compensated by slightly 
re-adjusting the values of gmA and gmB via the bias cur-
rents IBA and IBB, respectively.

Similarly, in the non-ideal case, the characteristic equa-
tion of the proposed dual-mode QO circuit in Fig.4 can 
be found as:
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where the parameters CO and ωosc of the oscillator for 
this case are modified as:

 βδα mAA g
R

=
1

1
,                   (22)

and

 

21
CC

gg mBmABA
osc

ααω = .                  (23)

The CO and ωosc of the oscillator are deviated from the 
ideal case by the non-ideal transfer gains.  In the same 
manner, because the voltage transfer gain β is propor-
tional to gmB/gmC, the transconductance gmC is adjust-
able to minimize the influence of αA and δ on the CO.  
Also, note from (23) that the slight ωosc deviation can be 
overcome by re-tuning gmA and gmB.

5.2 Effect of parasitic elements

In practice, a parasitic problem should be taken into 
count to determine the effects of the VDGA parasitic 
impedances on the proposed circuits.  Fig.5 displays 
a sophisticated equivalent model behavior that rep-
resents the practical VDGA.  In Fig.5, the dashed line 
encircles the practical VDGA, while the continuous line 
denotes the ideal VDGA with various parasitic elements 
at its terminals.  As can be seen, there are parasitic par-
allel resistances and capacitances from terminals p, n, 
z+ and z- to ground [(Rp//Cp), (Rn //Cn), (Rz+//Cz+) and Rz-//
Cz-)], and a parasitic serial resistance (Rw) at the terminal 
w.  Therefore, by applying the practical model of the 
VDGA to the proposed dual-mode multifunction filter 
in Fig.3 and assuming the condition R2 >> Rw, the modi-
fied ωo and Q can be expressed as:
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where R′
1 = R1//Rz+, R′

x = Rx//Rn, C′
1 = C1 + Cz+ and C′

2 = C2 
+ Cx + Cn.   

In a similar way, accounting for the VDGA parasitic ele-
ments given in Fig.5, the CO and ωosc of the proposed 
dual-mode sinusoidal QO in Fig.4 can be derived as:
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and
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From inspection of equations (24)-(27), it is possible to 
reduce the VDGA parasitic influences on the proposed 
circuits by taking the following conditions in the de-
sign: R1 << Rz+, Rx << Rn, C1 >> Cz+ and C2 >> (Cx + Cn).  

Figure 5: Practical VDGA model 

6 Simulation results and discussions

The correct operation of the proposed dual-mode 
multifunction filter and QO topologies in Fig. 3 and 4 
is assessed through PSPICE simulation results.  For this 
purpose, the transistor models of the TSMC 0.25-µm 
CMOS process parameters have been used.  The CMOS 
VDGA in Fig.2 is simulated under DC supply voltages 
of ±1V.  The values of transistor aspect ratios (W/L) are 
provided in Table 1.

Table 1: Values of transistor aspect ratios (W/L) of the 
VDGA circuit in Fig.2.

Transistor W (µm) L (µm)
M1k - M2k 15 0.25
M3k - M4k 23 0.25
M5k - M7k 4.5 0.25
M8k - M9k 6 0.25

6.1 Simulation results of the proposed dual-mode 
multifunction biquadratic filter  

For the proposed dual-mode multifunction biquadratic 
filter in Fig.3, the active and passive components are 
taken as: gmk ≅ 1 mA/V (IBk = 100 µA), R1 = R2 = 1 kΩ and 
C1 = C2 = 100 pF which result in fo ≅ 1.59 MHz and Q 
≅ 1.  The simulated and ideal frequency responses for 
the voltage and current gains are represented in Fig.6.  
In Fig.7, the input and output waveforms for the pro-
posed BP filters at 1.59-MHz sinusoidal input signals are 
also shown.  Total harmonic distortions (THDs) are less 
than 4% and 1.6% for the voltage-mode and current-
mode BP filters, respectively. In addition to the simula-
tion result, this filter has the total power consumption 
of about 1.49 mW.  Next, the large-signal behavior of 
the proposed filter is also evaluated by applying a si-
nusoidal input signal of 1.59 MHz.  The BP output re-
sponses are found to demonstrate the THD variations 
of input signal amplitude as shown in Fig.8.

(a)

(b)

Figure 6: Simulated and ideal frequency responses of 
the proposed dual-mode multifunction filter in Fig.3 
(solid line: simulated response, dashed line: ideal re-
sponse). (a) voltage-mode (b) current-mode.

To test the adjustability of Q-factor without changing 
the fo-value, the following circuit components are se-
lected as: gmk = 1 mA/V, C1 = C2 = 100 pF, with four dif-
ferent values of R1 namely 0.5 kΩ, 1 kΩ, 2 kΩ, and 10 kΩ.  
The four BP voltage responses are illustrated in Fig.9, 
which accordingly shows the orthogonal variability of 
Q-factor.  Furthermore, by keeping the product of gm1R1 
constant, and tuning the value of gm1/R1 only, an inde-
pendent tunability of fo can be obtained as shown in 
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Fig.10.  The component values for simulating the real-
ized BP filter with different fo and their resulting charac-
teristics are given in Table 2.  

Figure 9: Gain-frequency characteristics with Q = 0.5, 
1, 2, and 10 of the proposed voltage-mode BP filter in 
Fig.3.

Figure 7: Input (dashed line) and output (solid line) 
waveforms of the BP filter for 1.59-MHz sinusoidal in-
put signal.  (a) voltage-mode (solid line: vo1, dashed line: 
vin),  (b) current-mode (solid line: io2, dashed line: iin)
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Figure 8: THD variations of the BP response versus in-
put signal amplitude at 1.59 MHz.  (a) voltage-mode         
(b) current-mode.  
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Table 2: Component values for implementing the proposed BP filter in Fig.3 with independent adjustability of fo. 

gmk (mA/V) IBk (µA) R1 (kW) gmkR1 gmk/R1

fo  (MHz)

QSimulated Theory

0.63 40 1.6 1 0.40E-06 1.01 0.98 1
1.00 100 1.0 1 1.00E-06 1.59 1.54 1
1.35 180 0.74 1 1.82E-06 2.15 2.05 1
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To evaluate the mismatch and process variation effects, 
Monte Carlo (MC) analysis has been performed for 100 
iterations. MC simulation results showing deviations in 
filter responses for 5% changes in all passive elements 
(R1, R2, C1, and C2) and transconductances (gmk) are il-
lustrated in Fig.11(a) and 11(b), respectively.  Tempera-
ture variation impacts on the filter responses are also 
studied for observed range 0°C to 100°C.  The simula-
tion results of the gain-frequency characteristics with a 
variation in operating temperature are drawn in Fig.12. 
From the graph, the value of fo varies from 1.69 MHz at 
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0°C to 1.35 MHz at 100°C with a maximum deviation of 
17%.  It may also be observed that the fo-value shifts to 
the lower frequencies with an increase in temperature.  
This is due to the fact that the transconductance de-
creases with increases in temperature due to decrease 
in mobility.  This shifting in fo can easily be compensat-
ed through bias current variation, or the PTAT (Propor-
tional to Absolute Temperature) current reference can 
be used as bias current sources to compensate for the 
temperature behavior of the proposed circuits.  

(a)

(b)

Figure 11: Monte Carlo analyses with 100 iterations, 
showing variations in LP, BP and HP filter responses, 
due to 5% changes in (a) all resistors and capacitors    
(b) all transconductances.

Figure 12: Gain-frequency characteristics with a varia-
tion in temperature from 0°C to 100°C. 

6.2 Simulation results of the proposed dual-mode 
quadrature sinusoidal oscillator 

With the same above designed values, the proposed 
dual-mode QO circuit of Fig.4 has been simulated for 
a frequency of oscillation of fosc = 1.59 MHz.  Simulation 
results of the voltage and current quadrature output 
responses are shown in Fig.13 and 14, respectively.  
Fig.13(a) indicates the two quadrature voltage outputs 
difference in phase by 88°, while Fig.14(a) shows 91° 
phase-shifted quadrature current outputs.  The ob-
served THD for both voltage and current outputs are 
around 3.76% and 3.73%, respectively.  The Lissajous 
patterns for the two voltage and two current outputs 
are further depicted through Fig.15(a) and 15(b), re-
spectively.  It is observed that the resultants produce 
circles around the origin with no tilt in axis illustrating 
the quadrature property of the proposed oscillator cir-
cuit. 

7 Conclusions

The paper proposes compact circuit configurations 
for realizing dual-mode (i.e. both voltage-mode and 
current- mode) multifunction biquadratic filter and 
quadrature sinusoidal oscillator.  Each of the proposed 
circuit configurations requires a single VDGA, two 
grounded capacitors, and two resistors (one of them is 
grounded).  The proposed filter can realize simultane-
ously the three standard biquadratic filtering functions, 
i.e. LP, BP, and HP ones, with both voltage and current 
output responses. It has also capable of independent 
control of ωo and Q-factor.  Another notable advantage 
of the proposed circuit is that it can also be used as a 
sinusoidal quadrature oscillator to provide two quadra-
ture voltage outputs and two quadrature current out-
puts simultaneously. The oscillation condition and the 
oscillation frequency of the proposed dual-mode QO 
are orthogonally controllable by separate bias currents.  
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Figure 10: Gain-frequency characteristics with inde-
pendent adjustability of fo of the proposed voltage-
mode BP filter in Fig.3. 

 

Frequency (Hz)

10k
-100

100k 1M 10M 100M 1G

V
o

lt
ag

e 
g

ai
n

 (
d

B
)

-80

-60

-40

-20

0

20

V
o

lt
ag

e 
g

ai
n

 (
d

B
)

20

Frequency (Hz)

100k10k 1M 10M 100M 1G

0

-20

-40

-60

-80

-100

10k

Frequency (Hz) 

V
o

lt
ag

e g
ai

n
 (d

B
)

20

100k 1M 10M 100M 1G

0

-20

-40

-60

-80

-100

0oC

100
o
C

W. Tangsrirat et al.; Informacije Midem, Vol. 50, No. 2(2020), 125 – 136



133

The effect of non-idealities influences of the VDGA on 
the circuit functionality has been studied, and simu-
lation results using PSPICE with TSMC 0.25-µm CMOS 
technology have also been included to validate the 
functionality of the proposed circuits in both frequen-
cy filter and oscillator mode.

(a)

(b)

Figure 13: Simulated voltage output responses.           
(a) time-domain responses  (b) frequency spectrum. 

(a)

(b)

Figure 14: Simulated current output responses.            
(a) time-domain responses  (b) frequency spectrum.

Figure 15: Lissajous patterns illustrating the quadra-
ture property. (a) voltage-mode  (b) current-mode.
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