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This paper presents a dual mode, single input multioutput (SIMO) biquad filter configuration using single voltage differencing
transconductance amplifier (VDTA), three capacitors, and a grounded resistor. The proposed topology can be used to synthesize
low pass (LP), high pass (HP), and band pass (BP) filter functions. It can be configured as voltage mode (VM) or current
mode (CM) structure with appropriate input excitation choice. The angular frequency (𝜔0) of the proposed structure can be
controlled independently of quality factor (𝑄0).Workability of the proposed biquad configuration is demonstrated through PSPICE
simulations using 0.18 𝜇m TSMC CMOS process parameters.

1. Introduction

The ever shrinking feature size of devices on ICs and con-
sequential reduction of power supply voltage poses serious
challenges to analog design such as reduced input common
mode range, output swing, and linearity. This can be handled
by operating in the current domain, as current mode circuits
are designed for lower voltage swings. Therefore, over the
last few decades, current mode (CM) processing has evolved
as an alternative design technique [1] and has resulted in
emergence of numerous active building blocks (ABBs) [2]
such as differential difference current conveyor transconduc-
tance amplifier (DDCCTA) [3], current difference transcon-
ductance amplifier (CDTA) [4], current feedback operational
amplifier (CFOA) [5], operational transresistance amplifier
(OTRA) [6], differential input buffered transconductance
amplifier (DBTA) [7], current difference buffered ampli-
fier (CDBA) [8], current conveyor transconductance ampli-
fier (CCTA) [9], and voltage differencing transconductance
amplifier [10] which are used for realization of various
signal processing and generation circuits. Among these, the
voltage differencing transconductance amplifier (VDTA) is
a recently introduced active element [11]. The VDTA is a
voltage input current output ABBwith two transconductance
gain stages. It provides electronic tuning ability through its

transconductance gains. Thus, the VDTA is one of the most
suitable ABBs for easy and compact CMOS implementation
[12] of signal processing and generating circuits.

Electronic filters are essential building block of commu-
nication and instrumentation systems. A variety of VDTA
based biquadratic filters are available in literature [10–18]
which can be classified as single input multioutput (SIMO)
[11–14, 18], multi-input single output (MISO) [15–17], and
multi-input multioutput MIMO [10] filter configurations.
These filters can further be classified as voltage mode [10,
13, 17], current mode [11, 12, 14–16], and dual mode [18]
structures. A detailed comparison of these structures is given
in Table 1.

It may be noted from Table 1 that only a single VDTA
based dual mode SIMO structure is available in literature
and it uses five passive components. In this paper, a new
single VDTA based SIMO-type dual mode biquad filter using
four passive components is proposed.The proposed structure
provides either voltage or current outputs through proper
selection of input excitation. The proposed structure realizes
three standard filter functions, namely, LP, HP, and BP, with
independent 𝜔0 and 𝑄0 tuning feature. Proposed circuit
configuration also offers low passive sensitivities. The rest
of the paper is organised as follows: In Section 2, detailed
circuit description is presented. The circuit behaviour in
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Table 1: Comparison of the proposed work with the previously reported work.

Ref.
Number

of
inputs

Simultaneous
outputs

Standard
filter

functions
VM/CM Active blocks

used
Passive

components
Orthogonal tunability of 𝜔0

and 𝑄0
[10] Two Two LP, HP, BP VM Two Two C No
[11] One Three LP, HP, BP CM Two Two C No

[12] One Three LP, HP, BP CM One Two C; One
R Yes

[13] One Five LP, HP, BP,
NF, AP VM Two Two C; Two

R Yes

[14] One Three LP, HP, BP CM One Two C No

[15] Three One LP, HP, BP,
NF, AP CM Two Two C Yes

[16] Three One LP, HP, BP,
NF, AP CM One Two C No

[17] Three One LP, HP, BP,
NF, AP VM one Two C Yes

[18] One Three LP, HP, BP VM and CM One Three C; two
R Yes

Proposed work One Three LP, HP, BP VM and CM One Three C; one
R Yes

presence of nonidealities of VDTA has been analysed in
Section 3 and deviation in filter parameters is enumerated.
The functionality of the proposed filter has been confirmed
through SPICE simulations using 0.18𝜇m TSMC CMOS
process parameters and the results are presented in Section 4.
Section 5 concludes the paper.

2. Circuit Description

The circuit symbol of the VDTA is shown in Figure 1 where𝑃 and 𝑁 are the input terminals and 𝑍, 𝑋+, and 𝑋− are
the output terminals. The CMOS realization of VDTA [10] is
shown in Figure 2. It consists of two transconductance (TC)
stages, namely, input and output stages. The input TC stage
converts the differential input voltage (𝑉𝑃 -𝑉𝑁,) into current𝐼𝑍 through first TC gain (𝑔𝑚1) and the voltage at 𝑍 terminal
(𝑉𝑍) is converted to current (𝐼𝑋) through second TC gain
(𝑔𝑚2). All VDTA terminals exhibit high impedance values
[10]. The port relations are given in matrix form in

[[[
[

𝐼𝑍𝐼𝑋+𝐼𝑋−
]]]
]

= [[
[
𝑔𝑚1 −𝑔𝑚1 0
0 0 𝑔𝑚20 0 −𝑔𝑚2

]]
]
[[
[
𝑉𝑃𝑉𝑁𝑉𝑍

]]
]
. (1)

The TC gains, 𝑔𝑚1 and 𝑔𝑚2, respectively, can be expressed as
[10]

𝑔𝑚1 = 𝑔1𝑔2𝑔1 + 𝑔2 +
𝑔3𝑔4𝑔3 + 𝑔4

𝑔𝑚2 = 𝑔5𝑔6𝑔5 + 𝑔6 +
𝑔7𝑔8𝑔7 + 𝑔8 ,

(2)
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Figure 1: Circuit symbol of VDTA.

where 𝑔𝑖 is the transconductance value of the 𝑖th transistor
and is given by

𝑔𝑖 = √𝜇𝐶ox (𝑊𝐿 )
𝑖
𝐼𝐵𝑖. (3)

In (3), 𝜇 is effective carrier mobility; 𝐶ox is the gate oxide
capacitance per unit area; 𝐼𝐵𝑖 and (𝑊/𝐿)𝑖 represent the dc
bias current and the aspect ratio of the 𝑖th MOS transistor,
respectively.

The proposed dual mode SIMO filter is shown in Figure 3
which comprises of a single VDTA, three capacitors, and a
resistor. With appropriate choice of input signal, it can be
configured as either VM or CM structure.

2.1. The VM Configuration. The filter configuration of
Figure 3 operates in VM if input current is removed (𝐼in = 0).
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Figure 2:The CMOS realization of VDTA [10].
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Figure 3: Proposed VM and CMmode SIMO filter.

Routine analysis of the circuit yields voltage mode transfer
functions given by

𝑉01𝑉in

LP = 𝑔𝑚1𝑔𝑚2/𝐶2𝐶3Δ
𝑉02𝑉in

BP = −(𝑔𝑚1/𝐶3) 𝑠Δ
𝑉03𝑉in

HP
= 𝑠2Δ ,

(4)

where

Δ = 𝑠2 + 𝑠𝑅1𝐶1 +
𝑔𝑚1𝑔𝑚2𝐶1𝐶3 . (5)

2.2. The CM Configuration. Removal of voltage source 𝑉in(𝑉in = 0) in Figure 3 results in CM filter topology. Analysis
of the resulting topology leads to the following transfer

function:

𝐼01𝐼in
LP = −𝑔𝑚1𝑔𝑚2/𝐶1𝐶3Δ

𝐼02𝐼in
BP = (𝑔𝑚1/𝐶1) 𝑠Δ

𝐼03𝐼in
HP

= −𝑠2Δ .
(6)

The angular frequency 𝜔0 and quality factor 𝑄0 for both the
filter structures are given by

𝜔0 = √𝑔𝑚1𝑔𝑚2𝐶1𝐶3 (7)

𝑄0 = 𝑅1√𝑔𝑚1𝑔𝑚2𝐶1𝐶3 . (8)

It may be observed from (7) and (8) that the parameters 𝜔0
can be set to a desired value and𝑄0 can be controlled through𝑅1 independently.

It is relevant to mention here that the voltage outputs of
the proposed structure are available at high impedance, which
is invariably true for all available VDTA based voltage mode
structures [10, 13, 17, 18]. It is therefore suggested that either
the voltage output structures should be used to drive the
high input impedance circuits or the output should be taken
through buffers. Further, in CM operation, current outputs
are available through passive elements and would require
additional ABBs for accessing current at high impedance.
However, it is also applicable to all single ABB based SIMO
structures [12, 14, 18]. It may also be noted that in proposed
structure 𝐼02 can be accessed at high impedance by lifting the
drain node of transistors 𝑀1 and𝑀4.

Thepassive sensitivities of𝜔0 and𝑄0 of the proposed filter
structures can be expressed as given by (9) and their absolute
values do not exceed unity in magnitude.

𝑆𝜔0𝑔𝑚1,𝑔𝑚2 = 12 ,
𝑆𝜔0𝐶1 ,𝐶3 = −12 ,

𝑆𝑄0𝑔𝑚1,𝑔𝑚2 = 12 ,
𝑆𝑄0𝐶1 = 12 ,
𝑆𝑄0𝐶3 = −12 ,
𝑆𝑄0𝑅1 = 1.

(9)

3. Nonideal Analysis

In this section, the effect of nonidealities of VDTAon the filter
performance has been analysed. The nonidealities associated



4 Journal of Engineering

VDTA
Ideal

N

P

Z

X+

X−

CN

CP

CZ

RN

RP

RX+

RX−

CX+

CX−

RZ

Figure 4: Nonideal model of VDTA.

with VDTA based circuits may be divided into two groups.
The first group concerns the finite voltage tracking errors and
the second results from the presence of parasitics at all the
terminals of VDTA.

3.1. Nonideality due to Tracking Error. Taking the tracking
errors of the VDTA into account, the port relations expressed
by (1) get modified as

[[[
[

𝐼𝑍𝐼𝑋+𝐼𝑋−
]]]
]

= [[
[
𝛽1𝑔𝑚1 −𝛽1𝑔𝑚1 0

0 0 𝛽2𝑔𝑚20 0 −𝛽2𝑔𝑚2
]]
]
[[
[
𝑉𝑃𝑉𝑁𝑉𝑍

]]
]
, (10)

where 𝛽1 and 𝛽2 are, respectively, the tracking errors for the
first and second stages of the VDTA. In presence of 𝛽1 and 𝛽2,
the new expressions for 𝜔0 and 𝑄0 can be obtained as

𝜔0 = √𝛽1𝛽2𝑔𝑚1𝑔𝑚2𝐶1𝐶3
𝑄0 = 𝑅1√𝛽1𝛽2𝑔𝑚1𝑔𝑚2𝐶1𝐶3 .

(11)

It is evident that the values of 𝜔0, and 𝑄0 deviate slightly
from their ideal values.These changes may be accommodated
by adjusting TC gains 𝑔𝑚1 and 𝑔𝑚2 through bias current of
VDTA. However, the sensitivities of 𝜔0 and 𝑄0 with respect
to 𝛽1 and 𝛽2 are quite low, as given by

𝑆𝜔0𝛽1,𝛽2 = 𝑆𝑄0𝛽1 ,𝛽2 = 12 . (12)

3.2. Nonideality due to Parasitics. The nonideal model of
VDTA is shown in Figure 4 wherein each terminal is char-
acterized by finite parasitic impedance consisting of resis-
tance in parallel with capacitance (𝑅𝑃, 𝐶𝑃; 𝑅𝑁, 𝐶𝑁; 𝑅𝑍, 𝐶𝑍;𝑅𝑋+ , 𝐶𝑋+ ;𝑅𝑋− , 𝐶𝑋− for𝑉𝑃,𝑉𝑁,𝑍, and𝑋 terminals, resp.) [12].
The filter performance might deviate from ideal behaviour
due to parasitics of VDTA. Thus, the filter structure of
Figure 3 is to be analysed in the presence of parasitics. Using
the nonideal model of VDTA, the proposed filter structure
can be redrawn as shown in Figure 5.
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Figure 5: Nonideal filter structure.

Using routine analysis, 𝜔0 and 𝑄0 of the filter configura-
tion of Figure 5 may be obtained as

𝜔0 = √𝐴𝐵 (13)

𝑄0 = √𝐴𝐵𝐷 , (14)

where

𝐴 = 𝑔𝑚1𝑔𝑚2 + 1𝑅1𝑅𝑍 + 1𝑅𝑋+𝑅𝑍 + 1𝑅𝑁𝑅𝑍 (15)

𝐵 = 𝐶1𝐶3 + 𝐶𝑍𝐶3 + 𝐶𝑋+𝐶𝑍 + 𝐶𝑁𝐶𝑍 + 𝐶2𝐶𝑋+
+ 𝐶2𝐶𝑁, (16)

𝐷 = (𝐶3𝑅𝑍 + 𝐶3𝑅1 +
𝐶2𝑅𝑋+ +

𝐶𝑍𝑅1 +
𝐶𝑍𝑅𝑋+ +

𝐶𝑍𝑅𝑁 + 𝐶𝑋+𝑅𝑍
+ 𝐶𝑁𝑅𝑍 )

2 .
(17)

The parasitic resistances associated with all terminals are
practically too large making

( 1𝑅1𝑅𝑍 + 1𝑅𝑋+𝑅𝑍 + 1𝑅𝑁𝑅𝑍)⟨⟨𝑔𝑚1𝑔𝑚2. (18)

Thus, (15) reduces to

𝐴 ≈ 𝑔𝑚1𝑔𝑚2. (19)

By selecting external capacitances much larger than parasitic
capacitances, (16) can be simplified as

𝐵 = 𝐶3𝐶1 + 𝐶𝑍 (𝐶3 + 𝐶𝑋+) + 𝐶𝑋+ (𝐶2 + 𝐶𝑍)
+ 𝐶2𝐶𝑁 = 𝐶3𝐶1 + 𝐶𝑍𝐶3 + 𝐶𝑋+𝐶2 + 𝐶2𝐶𝑁

= 𝐶3 (𝐶1 + 𝐶𝑍) + 𝐶2 (𝐶𝑋+ + 𝐶𝑍) ≈ 𝐶3𝐶1.
(20)
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Table 2: List of 0.18 𝜇m CMOS process parameters used.
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Similarly, (17) can be simplified as

𝐷 = (𝐶3𝑅𝑍 +
𝐶3𝑅1 +

𝐶2𝑅𝑋+ +
𝐶𝑍𝑅1 +

𝐶𝑍𝑅𝑋+ +
𝐶𝑍𝑅𝑁 + 𝐶𝑋+𝑅𝑍

+ 𝐶𝑁𝑅𝑍 )
2 = (𝐶3 + 𝐶𝑍 + 𝐶𝑁𝑅1 + 𝐶3 + 𝐶𝑋+𝑅𝑍

+ 𝐶𝑍 + 𝐶2𝑅𝑋+ + 𝐶𝑍𝑅𝑁)
2 ≈ (𝐶3𝑅1 +

𝐶3𝑅𝑍 + 𝐶2𝑅𝑋+
+ 𝐶𝑍𝑅𝑁)

2 ≈ (𝐶3𝑅1 +
𝐶3𝑅𝑍 +

𝐶2𝑅𝑋+ )
2 ≈ (𝐶3𝑅1)

2 .

(21)

Substituting (19) and (20), it may thus be noted that (13) can
be approximated to (7) which represents the ideal value of𝜔0.

Also putting (19), (20), and (21) in (14), 𝑄0 may be expressed
by (22) which is equal to its ideal value.

𝑄0 ≈ √𝑔𝑚1𝑔𝑚2𝐶3𝐶1(𝐶3/𝑅1)2 = 𝑅1√𝑔𝑚1𝑔𝑚2𝐶1𝐶3 . (22)

It may be concluded therefore that, by selecting external
capacitances much larger than parasitic capacitances, the
frequency response of the proposed structure would not be
affected.

4. Simulation Results

The functionality of the proposed filter is validated through
SPICE simulated using 0.18𝜇m TSMC process parameters
which have been listed inTable 2 for ready reference. First, the
DC transfer characteristic of the VDTA is validated which is
followed by verification of both VM and CM filter responses.
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Figure 6: The DC transfer characteristics of the VDTA.

Subsequently, as a case study, the transient behaviour of
BP filter (VM and CM) is studied and its total harmonic
distortion (THD) variation is also observed.

4.1. The DC Transfer Characteristic. The VDTA structure
shown in Figure 3 [10] with supply voltages of ±0.9V is used
for simulation. The same aspect ratios of the MOS transistors
are used as given in [10].TheDC transfer characteristic of the
VDTA, as shown in Figure 6, is plotted for 𝐼𝐵1 = 𝐼𝐵2 = 𝐼𝐵3 =𝐼𝐵4 ≅ 150 𝜇A, which resulted in 𝑔𝑚1 = 𝑔𝑚2 = 636.3 𝜇A/V.
4.2. Frequency Response. The LP, HP, and BP filter responses
for both VM and CM filter structures with 𝑓0 = 1MHz and𝑄0 = 1 are shown in Figures 7(a) and 7(b), respectively. The
passive components were chosen as 𝐶1 = 𝐶2 = 𝐶3 = 0.1nF
and 𝑅1 = 1.57KΩ.The tuning of gain expression for low pass
filter with respect to 𝐶2 is shown in Figure 7(c).

It may be observed from (7) and (8) that 𝑓0 can be
tuned by changing either capacitance values (𝐶1, 𝐶3) or the
transconductances (𝑔𝑚1, 𝑔𝑚2). The transconductance varia-
tion can be obtained through bias current adjustment.The𝑄0
tuning can be accomplished through 𝑅1 without affecting 𝑓0.
The orthogonal adjustment of 𝑓0 and𝑄0 is shown by plotting
the BP responses for 𝑓0 = 100KHz, 1MHz, and 10MHz
while keeping 𝑄0 fixed at 1. The responses for VM and CM
structures are shown in Figures 8(a) and 8(b), respectively.
Similarly, the simulation results for 𝑄0 = 0.5, 1, and 5 when𝑓0 remains constant at 1MHz, for VM and CM topologies,
are shown in Figures 9(a) and 9(b), respectively. It is evident
from Figures 8 and 9 that 𝑓0 and𝑄0 are orthogonally tunable.

Another set of simulations have been carried out to exam-
ine frequency response limitations of the proposed structure.
Low pass current mode response is used for illustration.
The simulations conditions on bias currents are kept the
same as reported in the beginning while the capacitor values
are changed and corresponding theoretical and simulated
pole frequencies are noted and listed in Table 3. It may
be noted that there is a close match between theoretical
and simulated pole frequencies when the values of external
capacitors are chosen to be sufficiently greater than parasitic
capacitances. However, a significant deviation is seen when

Table 3: The % frequency deviation for CM LP filter.

Capacitor
value

Theoretical 𝑓0 Simulated 𝑓0 % frequency
deviation

0.1 nF 1.01231MHz 1.06MHz 4.5

0.01 nF 10.1231MHz 10.639MHz 4.8

1 pF 101.231MHz 108.854MHz 7.0

0.1 pF 1.01231GHz 886.833MHz 12.3

0.01 pF 10.1231GHz 2.269GHz 77.0

1 fF 101.231GHz 2.76GHz 97.3

external capacitances are selected close to parasitics (tens
of fF order). Further, it is also observed that parasites limit
frequency range because their pole frequencies are much
lower than those for tracking errors.

4.3. Transient Response. The time domain behaviour of the
VM BP filter is also studied by applying three sinusoidal
frequency components: a low frequency signal of 1MHz,
a high frequency component of 100MHz, and the third
component of 10MHz which is 𝑓0 of the BP filter. The input
signal is shown in Figure 10(a) and its frequency spectrum
is depicted in Figure 10(b). The transient response of the
filter and the associated frequency spectrum are shown in
Figures 11(a) and 11(b), respectively. It may be noted that
the frequency components other than 𝑓0 are significantly
attenuated.

To observe the transient response of CM BP filter, it
is driven by an input current signal consisting of three
frequency components: 1 KHz, 10KHz, and 100KHz. The BP
filter is designed for an 𝑓0 = 10KHz. The related results are
depicted in Figures 12 and 13 which clearly show that the
signals outside the bandwidth of BP filter are significantly
attenuated.

To check the quality of the output of BP filter, the percent-
age total harmonic distortion (%THD) with the sinusoidal
input signal is obtained as shown in Figure 14. It is observed
from Figure 14(a) that the %THD remains considerably low
[19] for input signal values up to 500mV for VM topology.
Similarly, itmay be noted fromFigure 14(b) that the%THD is
well below 7% for current signals up to 200 𝜇A.The simulated
value of power dissipation, in both VM and CM operations,
is observed to be 0.54mW.

5. Conclusion

A single VDTAbased dualmode SIMObiquadwhich realizes
LP,HP, andBP responses has beenproposed in this paper.The
proposed biquad is a SIMO structure and can be configured
as voltage mode or current mode with appropriate input
excitation selection. The angular frequency and the quality
factor of the proposed configuration can be controlled in a
noninteractive manner. The filter 𝑓0 is electronically tunable.
The filter structure functionality is verified through SPICE



Journal of Engineering 7

−75

−40

0

25

Vo
lta

ge
 g

ai
n 

(d
B)

100 kHz 10MHz10kHz 100MHz1.0MHz
Frequency

C2 = 0.01nF
C2 = 0.1nF
C2 = 1nF

(a)

−75

−40

0

25

Cu
rr

en
t g

ai
n 

(d
B)

100 kHz 10MHz10kHz 100MHz1.0MHz
Frequency

C2 = 0.01nF
C2 = 0.1nF
C2 = 1nF

(b)

−75

−40

0

25

Vo
lta

ge
 g

ai
n 

(d
B)

1.0MHz 1.0GHz10kHz 100MHz
Frequency

C2 = 0.01nF
C2 = 0.1nF
C2 = 1nF

(c)

Figure 7: Frequency response at 𝑓0 = 1MHz and𝑄0 = 1. (a) VM topology. (b) CM topology. (c) VM LP filter depicting gain tuning with 𝐶2.
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Figure 8: BP responses for 𝑓0 = 100KHz, 1MHz, and 10MHz keeping 𝑄0 fixed at 1 for (a) VM and (b) CM topology.
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Figure 9: BP responses for 𝑄0 = 0.5, 1, and 5 with 𝑓0 = 1MHz for (a) VM and (b) CM topology.
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Figure 10: (a) The voltage input transient signal and (b) its frequency spectrum.
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Figure 11: (a) The voltage output transient signal and (b) its frequency spectrum.
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Figure 12: (a) The current input transient signal and (b) its frequency spectrum.
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Figure 13: (a) The current output transient signal and (b) its frequency spectrum.
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simulations and both frequency and transient responses are
studied.
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