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Abstract:  A recently developed active element, namely Voltage Differencing Differential Voltage Current Conveyor (VD-DVCC), is 
employed in the design of electronically tunable mixed-mode universal filter. The filter provides low pass (LP), high pass (HP), band 
pass (BP), band reject (BR) and all pass (AP) responses in voltage-mode (VM), current-mode, trans-impedance-mode (TIM) and 
trans-admittance-mode (TAM). The filter employs two VD-DVCCs, three resistors and two capacitors. All the passive components 
employed are grounded. The attractive features of the filters include: (i) ability to operate in all four modes, (ii) use of grounded passive 
components, (iii) tunability of Q factor independent of pole frequency, (iv) high input impedance for VM and TIM mode, (v) high 
output impedance explicit current output for CM and TAM and (vi) no requirement for double/negative input signals (voltage/current) 
for response realization. The VD-DVCC is designed and validated in Cadence virtuoso using 0.18 µm PDK at supply voltage of ±1 V. 
The operation of filter is examined at 5.305 MHz frequency. The non-ideal gain and sensitivity analysis is also carried out to study the 
effect of process and components spread on the filter performance. The obtained results bear close resemblance with the theoretical 
findings.
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Elektronsko nastavljiv univerzalni filter mešanega 
načina z ozemljenimi pasivnimi komponentami
Izvleček: Nedavno razviti aktivni element napetostni diferenčni napetostni tokovni transporter (VD-DVCC) je uporabljen pri 
zasnovi elektronsko nastavljivega univerzalnega filtra z mešanim načinom delovanja. Filter omogoča nizko prepustnost (LP), visoko 
prepustnost (HP), pasovno prepustnost (BP), pasovno zavrnitev (BR) in vse prepustne odzive (AP) v napetostnem (VM), tokovnem, 
trans-impedančnem (TIM) in trans-admitančnem (TAM) načinu. Filter uporablja dva VD-DVCC, tri upore in dva kondenzatorja. Vse 
uporabljene pasivne komponente so ozemljene. Privlačne lastnosti filtrov so: (i) možnost delovanja v vseh štirih načinih, (ii) uporaba 
ozemljenih pasivnih komponent, (iii) nastavljivost faktorja Q neodvisno od frekvence polov, (iv) visoka vhodna impedanca za način VM 
in TIM, (v) visoka izhodna impedanca z eksplicitnim izhodnim tokom za CM in TAM ter (vi) ni potrebe po dvojnih/negativnih vhodnih 
signalih (napetost/tok) za realizacijo odziva. VD-DVCC je zasnovan in preverjen v Cadence virtuoso z uporabo 0,18 µm PDK pri napajalni 
napetosti ±1 V. Delovanje filtra je preverjeno pri frekvenci 5,305 MHz. Izvedena je tudi analiza neidealnega ojačenja in občutljivosti, da 
bi preučili vpliv razpršenosti procesa in komponent na delovanje filtra. Dobljeni rezultati so zelo podobni teoretičnim ugotovitvam.

Ključne besede: komunikacija, mešani način, tokovni transporter, filter, obdelava signalov, VD-DVCC
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1 Introduction

The current mode-active elements (CM-AEs) are ex-
tensively employed in designing universal frequency 
filters [1-4]. The CM-AEs exhibits enhanced dynamic 

range, wide bandwidth, simple structure, low power 
consumption and greater linearity [2-3]. Numerous fil-
ter structures employing CM-AEs can be found in the 
literature [1, 3]. Most of the proposed filters can work 
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only in single mode of operation i.e. voltage-mode 
(VM), current-mode (CM), trans-admittance-mode 
(TAM), and trans-impedance-mode (TIM) [1-3,5]. In 
present day complex signal processing systems, the in-
teraction between CM and VM circuits is required. This 
task can be performed by TAM and TIM filters that not 
only perform signal processing, but also provide inter-
facing between VM and CM systems [6-10]. The devel-
opment of mixed-mode universal filters that can pro-
vide LP, HP, BP, BR and AP responses in CM, VM, TAM and 
TIM modes of operation are best suited for the task. 

Numerous exemplary mixed-mode filter topologies 
have been developed [6-41] that employ CM-AEs. 
The mixed mode filters can be categorised into two 
groups (i) single input multi output (SIMO), (ii) multi 
input single output (MISO) structures. The filter struc-
tures [6-10, 12-13, 15-19, 22-24, 28, 31-33, 35, 37-39, 41] 
employ CM-AEs in excess of two. The designs in [6-7, 
10,12,22,28-30, 36, 37, 39] employ more than five pas-
sive components. The filter structures in [6, 7, 10-12, 14, 
20-22, 25, 27-30, 34, 36, 39, 48-52] does not employ all 
grounded passive components. The filters in [6-7, 9-13, 
18, 19, 21, 24, 25, 27, 30, 32, 33, 36, 39] do not provide 
frequency control independent of quality factor. The 
filter topologies [6, 8, 9, 11, 13, 15, 16, 18, 21, 23, 25, 26-
28, 32, 34, 41, 50] do not provide all five filter responses 
in VM, CM, TAM, and TIM operation. The filter structures 
[6, 7, 10-12, 14, 16, 22, 25, 27-30, 34, 36, 37, 39, 41] lack 
inbuilt tunability. Some recent designs of the mixed 
mode filters proposed by the authors [48-52] suffer 
from one or more of the above discussed drawbacks. A 
detailed comparison of the state-of-the-art MISO filters 
with the proposed design is presented in Table 1, based 
on the following important measures of comparison: 
(i) number of CM-AEs employed, (ii) number of passive 
components needed, (iii) employment of all grounded 
passive components, (iv) no requirement for resistive 
matching except for obtaining a single response, (v) 
provision to control quality factor (Q) independent of 
the centre frequency, (vi) ability to provide all five filter 
responses in all four modes of operation, (vii) low out-
put impedance for VM and TIM modes, (viii) availability 
of explicit current output in CM and TAM, (ix) no re-
quirement for double/negative input signals (voltage/
current), (x) inbuilt tunability, and (xi) test frequency.

It can be inferred from the literature review and table 
1 that not all the proposed mixed mode filter struc-
tures work in all four modes of operation. It is also 
deduced from the literature survey that limited num-
ber of mixed-mode filters are available and to fill this 
technological void additional novel mixed-mode filter 
structures are needed. In this research, a recently de-
veloped CM-AE, the Voltage Differencing Differential 
Voltage Current Conveyor (VD-DVCC) is utilized in de-

sign of mixed-mode filter. The design requires two VD-
DVCCs, two capacitors, and three resistors. The striking 
features of the proposed filter are: (i) ability to work 
in all four modes of operation, (ii) provision for inbuilt 
tunability, (iii) the filters enjoy low active and passive 
sensitivities, and (iv) use of all grounded passive com-
ponents. Beside these the filters enjoy all the proper-
ties mentioned in Table 1 except (vii). The design and 
simulation of the VD-DVCC is done in Cadence Virtuoso 
using 0.18µm PDK. The simulation results bear close re-
semblance with the theoretical findings.

2 Voltage differencing differential 
voltage current conveyor (VD-DVCC)

The VD-DVCC is a newly proposed [42] CM-AE that pos-
sess features of Differential Voltage Current Conveyor 
(DVCC) [41] and Operational Transconductance Ampli-
fier (OTA). The voltage current relations of the VD-DVCC 
are given in Equations (1)-(4) and the block diagram is 
shown in Figure 1.  

 ( )W WC WC m P NI I I g V V+ −= = − = −   (1)

 
1X Y WV V V= −      (2)

 
X Z ZI I I+ −= = −       (3)

 
1

0Y wI I= =      (4)

Figure 1: Block Diagram of VD-DVCC

The CMOS implementation of VD-DVCC is presented in 
Figure 2. The transistors M19-M32 forms the OTA sec-
tion. The output current of the OTA assuming all tran-
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sistors in saturation region and equal width and length 
for (M19-M20) will be IW = IWC = gm(VP – VN). The expres-
sion for gm is given in Equation 5. 

 
m n OX B

Wg µ C I
L

=     (5)

Where COX is the gate oxide capacitance, µn is the mobil-
ity of electrons in NMOS, gm denotes the transconduct-
ance of OTA set via bias current IB and W/L is the aspect 
ratio of the transistors. Extra copies of the OTA current 
can be utilized, if necessary, for the applications. The 
second stage comprising of transistors M1-M18 pro-
vides algebraic summation of input voltages and cur-
rent transfer function. The voltage at the X terminal is 
the algebraic sum of voltages at W and Y1 terminals. 
The input current at the X terminal appears at the Z+ 
and Z- terminals, multiple copies of the current can be 
easily generated just by adding two extra transistors. 
The N, P, Y1 terminals are high impedance voltage input 
terminals. The W, WC+, WC-, Z + and Z - are high imped-
ance current output terminals. The X terminal is low im-
pedance current input terminal. 

3 Proposed electronically tunable 
mixed-mode universal filter

The proposed filter as presented in Figure 3 requires 
two VD-DVCCs, two capacitors, and three resistors all 
grounded for the design. For VM and TAM mode of 
operation the filter has high input impedance. In ad-
dition, the CM and TAM responses are available from 
explicit high impedance terminals. Furthermore, in the 
design the capacitors are connected to high imped-
ance terminals so they will absorb the parasitic associ-
ated with the terminals. Among the three resistors two 
are connected to the low resistance X terminal so they 

will accommodate the parasitic resistance present at X 
terminal. The important features of the filter include: (i) 
use of grounded passive components, (ii) employment 
of minimum number of passive components, (iii) no 
need for capacitive matching, (iv) no requirement for 
resistive matching except for AP response, (v) high in-
put impedance in VM and TIM configuration, (vi) ability 
to provide all five filter responses in all four modes of 
operation, (vii) availability of explicit current output in 
CM and TAM, (viii) no requirement for double/negative 
input signals (voltage/current), and (xi) inbuilt tunabil-
ity. The operation of the filter in all modes is explained 
below.

Figure 3: Proposed Mixed-mode Filter

3.1 Operation in VM and TAM mode:

In this mode of operation, the inputs currents (I1 – I3) are 
set to zero. The filter is excited with input voltages (V1 – 
V3) as per the sequence given in Table 2. The Equations 
(10-11) give the filter response in VM and TAM modes of 
operation. The frequency and quality factor are given 
by Equations (12-13).  It can be deduced from the Equa-
tions that the Q can be controlled independent of fre-
quency. For all pass response a simple resistive match-
ing of (R1 = R2) is required which is easy to achieve.

Figure 2: CMOS implementation of VD-DVCC
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In Equation 10 the filter gain constants are 1oLPH =
, 

2
1 2

1

,oHP oBP

R
H H g R

R
= =  by adjusting these parameters 

the filter gain can be adjusted. As special case for notch 
pass or bad reject realization if R2 > R1 then high pass 
notch (HPN) is obtained and if R2 < R1 low pass notch 
(LPN) response is obtained.

 ( ) 1 m outout TAMI g V=
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 − +
=  + + 
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o

g Rf
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2 2 1

1 1 2 3

1 m

m

C g RQ
g C R R

=                    (13)

Table 1: Excitation Sequence for VM and TAM

Response Inputs Matching Condition
V1 V2 V3

LP 0 1 0 No
HP 1 0 0 No
BP 0 0 1 No
BR 1 0 1 No
AP 1 1 1 R1 = R2, R3g1 = 1

3.2 Operation in CM and TIM mode:

In this mode of operation all input voltages () are set to 
zero. The input currents () are applied according to Ta-
ble 3. The transfer function for CM and TIM are given in 
Equations (14)-(15). The complete analysis of the circuit 
is given below.

 
( )

2

1 2 1 3 2 2 1 3 2 1 2 3

2

1 2 1 3 1 1 3 2 2 2

out TIM
m m

s C C R R R I SC R R I R IV
s C C R R g SC R R R g

 − +
=  + + 

(14)

 ( ) 1 m outout CMI g V=

 
( )

2

1 2 1 3 1 2 2 1 3 1 2 1 1 2 3

2

1 2 1 3 1 1 3 2 2 2

m m m
out CM

m m

s C C R R g R I SC R g R I g R II
s C C R R g SC R R R g

 − +
=  + + 

    (15)

In Equation 15 the filter gain constants are 1

2

oLP

g
H

g
= , 

1 2 , 1oHP oBPH g R H= =  by adjusting these parameters 
the filter gain can be adjusted.

Table 3: Input current excitation sequence

Response Inputs Matching Condition
I1 I2 I3

LP 0 0 1 No
HP 0 1 0 No
BR 1 0 0 No
NP 0 1 1 No
AP 1 1 1 g1R2  = 1, g1 = g2

4 Non-Ideal and Sensitivity Analysis

The non-ideal model of the VD-DVCC is given in Figure 
5. As can be deduced, various parasitic resistance and 
capacitance appear in parallel with the input and out-
put nodes of the device. The low impedance X node 
has a parasitic resistance and inductance in series with 
it.  Other non-ideal effects that influence the response 
of the VD-DVCC are the frequency dependent non-ide-
al current (), voltage (), and transconductance transfer 
(γ, γ‘) gains. These non-ideal gains result in a change in 
the current and voltage signals during transfer leading 
to undesired response. Taking in account the non-ideal 
gains the V-I characteristics of the VD-DVCC in (1) will 
be modified as follows: IW = 0, VX = β(V1 – VW), IZ+ = αpIX, IZ- 
= αNIX, IW = IWC+ = γgm(Vp – VN), IWC- = -γ‘gm(Vp – VN) where βm 
= 1 – εvm, αPm = 1 - εiPm, αNm = 1 - εiNm, γm = 1 – εgmm, (***drugi 
m subsub***) and γ‘m = 1 – ε‘ gmm (***drugi m subsub***) 
for m = 1, 2, which refers to the number of VD-DVCCs. 
Here, εvm (|εvm| « 1) denote voltage tracking error, εiPm, 
εiNm (|εim|, |εiNm| « 1) denote current tracking errors, and 
εgmm, ε‘gmm (|εgmm|, |ε‘gmm| « 1) (***drugi m subsub***) de-
note transconductance errors of the VD-DVCC.

The non-ideal analysis considering the effect of non-
ideal current, voltage, and transconductance transfer 
gains is carried out for MISO (VM, CM, TAM and TIM) 
configurations to see its effect on the transfer function, 
f0, and Q of the proposed filters. The modified expres-
sions of filter transfer functions, f0‘, and Q‘ for the MISO 
configuration are presented in Equations (16)-(21).
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Table 2: Comparative study of the state-of-the-art MISO Mixed mode filter designs with the proposed filter

References Mode of 
Operation

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi)

[9]/2003 MISO 6-OTA 2C Yes Yes No No No Yes Yes Yes -
[7]/2004 MISO 7-CCII 2C+8R No Yes No Yes No Yes Yes No -

[12]/2006 MISO 3-CCII 3C+4R+
2-switch

No No No Yes No Yes Yes No -

[13]/2008 MISO 4-OTA 2C Yes Yes No No No Yes Yes Yes 2.25 MHz
[19]/2010 MISO 5-OTA 2C Yes Yes No Yes No Yes No Yes 1.59 MHz
[20]/2010 MISO 2-MOCCCII 2C+2R No Yes Yes Yes No Yes Yes Yes 1.27 MHz
[27]/2010 MISO CFOA 2C+3R No No Yes No No Yes No No 12.7MHz
[24]/2013 MISO 4-MOCCCII 2C Yes Yes No Yes Yes Yes No Yes -
[25]/2013 MISO 1-FDCCII 2C+2R No Yes No No No Yes Yes No 10 MHz
[26]/2013 MISO 2-VDTA 2C Yes Yes Yes No No Yes Yes Yes 1 MHz
[29]/2016 MISO 1-FDCCII+1-

DDCC
2C+6R No Yes Yes Yes No Yes No No 1.59 MHz

[37]/2018 MISO 5-DVCC 2C+5R Yes Yes Yes Yes No Yes Yes No 1MHz
[40]/2018 MISO 4-CCII 2C+4R Yes Yes Yes No No Yes Yes No 31.8 MHz
[38]/2019 MISO 5-OTA 2C Yes Yes Yes Yes No Yes Yes Yes 3.390 MHz
[39]/2020 MISO 3-DDCCII 2C+4R No Yes No Yes No Yes Yes No 3.978 MHz
[48]/2020 MISO/SIMO 2-EXCCTA 2C+4R No Yes Yes Yes No Yes Yes Yes 7.622 MHz
[49]/2021 MISO 2-VD-DVCC 2C+3R No Yes Yes Yes No Yes Yes Yes 5.305 MHz
[50]/2021 MISO 2-VDBA 2C+2R No Yes Yes No Yes No Yes Yes 1.52 MHz
[51]/2021 MISO 3-VDBA 2C+R No Yes Yes Yes Yes Yes Yes Yes 16.631 MHz
[52]/2022 MISO 1-VD-EXCCII 2C+2R No Yes Yes Yes No Yes Yes Yes 8.08 MHz
This Works MISO 2-VD-DVCC 2C+3R Yes Yes Yes Yes No Yes Yes Yes 5.305 MHz

* Full nomenclature of the mentioned CM-AEs in Tables 1 and 2 in alphabetical order: CCCCTA: Current controlled current 
conveyor transconductance amplifier, CCII: Second-generation current conveyor, CFOA: Current feedback operational 
amplifier, DDCC: Differential difference current conveyor, DPCCII: Digitally programmable second-generation current con-
veyor, DVCC: Differential voltage current conveyor, EXCCTA: Extra X current conveyor differential input transconductance 
amplifier, FDCCII: Fully differential second-generation current conveyor, FTFN: Four terminal floating nullor, ICCII: Invert-
ing second-generation current conveyor, MOCCCII: Multi output current controlled current conveyor, MOCCII: Multi output 
second-generation current conveyor, OTA: Operational transconductance amplifier, VDTA: Voltage differencing transcon-
ductance amplifier, VDBA: Voltage differencing buffered amplifier, VD-EXCC: Voltage differencing extra X current conveyor

 
( )

2

' 1 2 2 3 1 1 1 1 2 2 2 1 1 3 2 2 2 2 2 2 2

2

1 2 1 3 1 1 3 2 1 1 1 2 2 2 1 1 2 2

P P P P m
out VM Mode

m P P P m

s C C R R V SC R V g R g VV
s C C R R g SC R R R g

α β α β α β α β γ
α β γ α β γ α β−

 − +
=  + + 

                   (16)

 
( )

2

' 1 2 2 3 1 1 1 1 2 2 2 1 1 3 2 2 2 2 2 2 2

1 1 2

1 2 1 3 1 1 3 2 1 1 1 2 2 2 1 1 2 2

P P P P m
mout TAM Mode

m P P P m

I s C C R R V SC R V g R g Vg
s C C R R g SC R R R g

α β α β α β α β γγ
α β γ α β γ α β−

 − +
=  + + 

                 (17)

 
( )

2

' 1 2 1 3 2 2 1 1 1 3 2 1 2 1 1 2 2 3

1 1 2

1 2 1 3 1 1 3 2 1 1 1 2 2 2 1 1 2 2

P P P
mout CM Mode

m P P P m

I s C C R R R I S C R R I R Ig
s C C R R g SC R R R g

α β α β α βγ
α β γ α β γ α β−

 − +
=  + + 

                  (18)

 
( )

2

' 1 2 1 3 2 2 1 1 1 3 2 1 2 1 1 2 2 3

2

1 2 1 3 1 1 3 2 1 1 1 2 2 2 1 1 2 2

P P P
out TIM Mode

m P P P m

V s C C R R R I S C R R I R I
s C C R R g SC R R R g

α β α β α β
α β γ α β γ α β−

 − +
=  + + 

                   (19)

R. Mishra et al.; Informacije Midem, Vol. 52, No. 2(2022), 105 – 115



110

 
' 2 2 2 1 1 2 2

0

1 2 3 1

1

2

P P mR gf
C C R R

α β α β
π

Υ
=                 (20)

 
2 2 2 2 2 1

1 1 1 1 1 2 3

1 P m

m P

C g RQ
g C R R

α β
α β

Υ
=

Υ
′                  (21)

Figure 4: Non-ideal model of VD-DVCC with parasitics

The sensitivities of ω0‘ and Q‘ with respect to the non-
ideal gains and passive components are given below. 

 
1 1

1,
m

Q Q
gS Sγ

′ ′− = − =                    (24)

The sensitivities are low and have absolute values not 
higher than unity.

5 Simulation and validation 

To verify the proposed mixed-mode filter it is designed 
and simulated in Cadence virtuoso design software. 
The newly proposed VD-DVCC is designed in 0.18 µm 
Silterra Malaysia technology at a supply voltage of ±1V. 
The width and length of the transistors used are given 
in Table 4. The bias current of the OTA is fixed at 47 µA 
resulting in transconductance of 500 µS. The layout of 

the VD-DVCC is given in Figure 5 it occupies an area of 
50.2*21.50µm2. 

Table 4: Width and Length of the MOS transistors

Transistors Width (µm) Length (µm)
M1-M4 4.5 0.36
M5-M6 20 0.36
M7-M8, M13 17.5 0.36
M14-M15 8.75 0.36
M9-M10 8.75 0.36
M11-M12, M16 13.5 0.36
M17-M18 17.5 0.36
M19-M20 1.8 0.36
M21-M25, M29-M30 3 0.72
M26-M28, M31-M32 8 0.36

Figure 5: The complete layout of the VD-DVCC

The filter is designed for centre frequency of 5.305 MHz 
and quality factor of 1 by selecting passive component 
as R1 = R2 = R3 = 2kΩ C1 = C2 = 15pF and gm = 500 µS. The 
power dissipation of the filter is found to be 3.48 mW. 
All five filter responses in VM, CM, TAM and TIM modes 
are presented in Figures 6-13. 

Figure 6: VM MISO configuration: Frequency responses 
of the LP, BP, HP, and BR filter

To examine the signal processing capability of the pro-
posed universal filter the transient analysis is carried 
out in VM mode for HP, LP, NP and BP responses. A VM 

 ' ' ' ' ' ' ' ' ' ' '

2 2 2 1 2 2 1 2 3 1
1

1

2

o o o o o o o o o o o

m P Pg R C C R RS S S S S S S S S S Sω ω ω ω ω ω ω ω ω ω ω
α β α β γ= = = = = = = − = − = − = − =                   (22)

 ' ' ' ' ' ' ' ' ' ' '

2 2 1 2 2 2 1 1 1 3 2 '

1

2
P m P

Q Q Q Q Q Q Q Q Q Q Q
C g C R R RS S S S S S S S S S Sα β γ α β= = − = = = = − = − = = − = − =                   (23)
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In the presented filter the quality factor can be set 
independent of the pole frequency of the filter. The 
tunability of the quality factor is verified by analysing 
BP response in CM and TIM for different values of bias 
current IBIAS1 as shown in Figures 16-17. It can be de-
duced from figures that the quality factor of the filter 
can be tuned independent of the frequency.

Figure 7: VM MISO configuration: Gain and phase re-
sponses of the AP filter

Figure 8: TAM MISO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 9: TAM MISO configuration: Gain and phase re-
sponses of the AP filter

Figure 10: CM MISO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 11: CM MISO configuration: Gain and phase re-
sponses of the AP filter

Figure 12: TIM MISO configuration: Frequency re-
sponses of the LP, BP, HP, and BR filter

Figure 13: TIM MISO configuration: Gain and phase re-
sponses of the AP filter

sinusoidal signal of 100 mV p-p and 5.305 MHz frequen-
cy is applied at the input and the output is analysed as 
presented in Figure 14. Similarly, a CM sinusoidal signal 
of 50 µA p-p and 5.305 MHz frequency is applied at the 
input and the BP output in CM and TIM is observed as 
shown in Figure 15. It can be inferred from figures that 
the filter works correctly.

Figure 14: VM MISO configuration: Transient analysis 
results for BP, HP, LP filter configurations

R. Mishra et al.; Informacije Midem, Vol. 52, No. 2(2022), 105 – 115
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To study the effect of process spread on the perfor-
mance of the designed filter Mont Carlo analysis is car-
ried out for 200 runs. The Mont Carlo analysis results 
for VM BP response are given in Figures 18 and 19. The 
results for TIM AP configuration are given Figures 20 
and 21. 

The total harmonic distortion (THD) of the filter for LP 
and BP responses is plotted for different input signal 
amplitudes for VM as shown in Figure 22. The THD plot 
for CM-BP is presented in Figure 23. The THD remains 
within acceptable limits (≤5%) for appreciable input 
range.

Figure 22: Total harmonic distortion of VM-BP and VM-LP

Figure 15: CM/TIM MISO configuration: Transient anal-
ysis results for BP filter configuration

Figure 16: CM MISO configuration: Quality factor tun-
ing for different values of OTA bias current

Figure 17: TIM MISO configuration: Quality factor tun-
ing for different values of OTA bias current in BP filter

Figure 18: VM MISO configuration: The Monte Carlo 
analysis results for BP response

Figure 19: VM MISO configuration: The Monte Carlo 
analysis results for BP configuration

Figure 20: TIM MISO configuration: The Monte Carlo 
analysis results for AP response

Figure 21: TIM MISO configuration: The Monte Carlo 
analysis results for AP configuration
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Figure 23: Total harmonic distortion of CM-BP

The pole frequency of the filter decreases due to rise in 
temperature Figure 24 because of the decrease in OTA 
transconductance. Two main contributing factors that 
influence the transconductance are the threshold volt-
age (Vt) and carrier mobility Vt. is approximated as a lin-
ear function of temperature [42,43] given by Equation 
25. Where αVt denotes the threshold voltage tempera-
ture coefficient which varies from −1 mV/ oC to −4 mV/ 
oC and TO is the reference temperature (300 K).

 ( ) ( ) ( ) t t O Vt OV T V T T Tα= + −                  (25)

The dependence of carrier mobility on temperature is 
shown in [42-43]. 

 
( ) ( )

µ

N N O
O

Tµ T µ T
T

α
 

=   
                (26)

where, αµ is the mobility temperature exponent con-
sidered as a constant approximately equal to 1.5. The 
Equations (25) and (26), show that the threshold volt-
age (Vt) and mobility (µN) exhibit a negative tempera-
ture dependence. 

Figure 24: Variation of Filter Pole frequency with tem-
perature

The input and output noise of the filter for VM-LP con-
figuration is shown in Figure 25. The input referred 
noise magnitude for the VM-LP is found to be below 
0.2E-06 V / Hz1/2 till 10 MHz frequency. The maximum 
magnitude of output referred noise is 3.62E-08 V / Hz1/2.

Figure 25: Input and output referred noise for VM-LP 
filter configuration

To further highlight the merits of the designed filter its 
performance is compared with some exemplary mixed 
mode filters as presented in Table 6. It can be observed 
that filters [46-47] cannot work in all four modes. The 
filters [24, 47] requires negative/double inputs for re-
sponse realization. The filters structures [24,38,45] re-
quires excessive numbers of ABBs for the design. It can 
be inferred from the table that the proposed filter has 
performance comparable with the existing designs. 
The power dissipation of the proposed filter can be re-
duced by designing the VD-DVCC for low supply opera-
tion.

6 Conclusion

This paper presents a new VD-DVCC based electroni-
cally tunable mixed-mode filter structure. The filter em-
ploys two VD-DVCCs, three grounded resistors and two 
grounded capacitors. Presented MISO filter has inbuilt 
tunability and can realize all five filter responses in all 
four modes of operation (VM, CM, TAM, and TIM). The 
detailed theoretical analysis, non-ideal gain analysis, 
and parasitic study are given. The VD-DVCC is designed 
in Cadence Virtuoso software and extensive simula-
tions are carried out to examine and validate the pro-
posed filter in all four mode of operation. The proposed 
filter has all the advantages mentioned in (i)-(iv).  The 
filter is designed for a frequency of 5.305 MHz with ±1V 
supply. The power dissipation of the filter stands at 3.48 
mW. The Monte Carlo analysis shows that the frequen-
cy deviation is within acceptable limits. Furthermore, 
the THD is within 5% for considerable voltage/current 
input signal range. The simulation results are found to 
be consistent with the theoretical predictions.
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