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Abstract: In this paper, a novel electronically tunable biquadratic universal mixed-mode filter is presented. The filter is based on extra 
X current conveyor transconductance amplifier (EXCCTA), recently introduced by authors. The proposed filter employs two EXCCTAs, 
two capacitors, a switch, and four resistors. The filter can work in both multi-input-single-output (MISO) and single-input-multi-output 
(SIMO) configurations without change in its structure. The filter provides all five responses in voltage-mode (VM), current-mode (CM), 
transimpedance-mode (TIM), and transadmittance-mode (TAM). The attractive features of the filter include (i) ability to operate in 
both MISO and SIMO configurations in all four modes, (ii) no requirement of capacitive matching, (iii) tunability of quality factor (Q) 
independent of natural frequency (ω0) in MISO & SIMO configurations and (iv) no requirement for double/negative input signals 
(voltage/current) in MISO configuration. The non-ideal gain and sensitivity analysis is also carried out to study the effects of process 
variations and passive components spread on filter performance. The filter is designed in Cadence Virtuoso using Silterra Malaysia 
0.18µm PDK. The complete layout of the EXCCTA is designed and the parasitic extraction is done. The filter is tested at a supply voltage 
of ±1.25 V and the obtained results validate the theoretical findings.

Keywords: analog signal processing, voltage-mode, current-mode, transimpedance-mode, transadmittance-mode, extra X current 
conveyor transconductance amplifier, EXCCTA, universal filter

Nov elektronsko nastavljiv bikvadratičen 
univerzalen filter v mešanem načinu delovanja 
sposoben delovanja v MISO in SIMO konfiguraciji
Izvleček: Članek predstavlja nov elektronsko nastavljiv bikvadratičen filter v mešanem načinu delovanja. Filter sloni na dodatnem X 
tokovnem transkonduktančnem ojačevalniku (EXCCTA). Filter je sestavljen iz dveh EXCCTA-jev, dveh kondenzatorjev, stikala in štirih 
tranzistorjev.  Filter lahko deluje v eno-vhodni multi izhodni (MISO) ali multi-vhodno eno-izhodni (SIMO) konfiguraciji brez spremembe 
v strukturi. Ponuja vseh pet odzivov v napetostnem (VM), tokovnem (CM), transimpedančnem (TIM) in transadmitančnem načinu 
(TAM). Prednostne lastnosti filtra so (i) delovanje v MISO ali SIMO načini, (ii) ni potrebe po kapacitivnem ujemanju, (iii) nastavljivost 
faktorja kvalitete (Q) brez odvisnosti od osnovne frekvence v MISO in SIMO načinu in (iv) brez potrebe po dvojnem negativnem vhodu 
signal v MISO načinu. Opravljena je tudi analiza občutljivosti in ojačenja filtra zaradi variacij procesa in toleranc pasivnih komponent. 
Filter je narejen v Cadence Virtuoso z uporabo Silterra Malaysia 0.18µm PDK. Načrtano je celotna shema EXCCTA in opravljen test pri 
napajalni napetosti ±1.25 V.

Ključne besede: analogno procesiranje signalov, EXCCTA, univerzalen filter, transkonduktančni tokovni ojačevalnik
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1 Introduction

The design and development of frequency filters is an 
important field of communication engineering and re-
search. The filters are an integral part of almost every 
electronic system [1–3]. The universal filter structure is 
the most versatile and sought-after filter configuration 
as it provides all five generic filter responses namely, low-
pass (LP), high-pass (HP), band-pass (BP), band-reject 
(BR), and all-pass (AP) from same configuration. It serves 
as a stand-alone solution for all filtering requirements. 
They are employed in data acquisition systems as analog 
front-end, in communication systems, biomedical signal 
processing, instrumentation, and oscillator design, etc. 
[3-15]. Owing to their wide bandwidth, high slew-rate, 
simple circuit, good linearity, and better performance un-
der low-voltage low-power (LVLP) environment current-
mode (CM) active building blocks (ABBs) are preferred 
for designing analog filters [2,5,6]. The most popular CM 
ABBs are the second-generation current conveyor (CCII) 
[1-6], current feedback operational amplifier (CFOA) 

[16], fully differential current conveyor (FDCCII) [18], dif-
ferential voltage current conveyor (DVCC) [20], current 
controlled current conveyor transconductance amplifier 
(CCCCTA) [21], differential difference current conveyor 
(DDCC) [23], etc. In present day complex signal process-
ing systems the need for interaction between current-
mode and voltage-mode (VM) circuits arises often. This 
requirement can be met by employing transadmittance-
mode (TAM) and transimpedance-mode (TIM) circuits to 
facilitate distortion free interfacing between CM and 
VM units [7–11, 23]. Although several TAM and TIM filter 
structures have been proposed, but a single topology 
providing the CM, VM, TAM, and TIM responses will be 
an added advantage in terms of area and power require-
ments. Numerous mixed-mode universal filters can be 
found in the open literature [7-34] that were designed 
to cater to the above-mentioned requirements. The filter 
structures can be classified in three basic groups such 
as single-input-multi-output (SIMO), multi-input-multi-
output (MIMO), and multi-input-single-output (MISO). 
The comparison between the filter structures can be 
done based on following important criteria: 

Table 1: Comparative study of the state-of-the-art mixed-mode designs with the proposed filter

Refer-
ences/

Year

Mode of 
Operation

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

[16]/2005 SIMO 3-CFOA 9C+2R Yes No Yes No Yes No Yes N.A. N.A. N.A. 112.5 KHz No
[17]/2006 SIMO 2-FTFN 2C+3R Yes Yes No No Yes No No N.A. N.A. N.A. 31.8 KHz No
[18]/2008 SIMO 1-FDCCII 2C+3R Yes Yes Yes Yes No Yes No N.A. N.A. N.A. 3.78 MHz No
[19]/2008 SIMO 5-MOCCCII 2C Yes Yes Yes Yes No Yes No N.A. N.A. N.A. 638.4 KHz Yes
[20]/2009 SIMO 3-DVCC 2C+3R Yes Yes Yes Yes Yes Yes No N.A. N.A. N.A. 16 MHz No
[21]/2010 SIMO 2-CCCCTA 2C Yes Yes Yes Yes No No No N.A. N.A. N.A. 1.134 MHz Yes
[22]/2010 SIMO 2-CCCCTA 2C Yes Yes Yes No Yes No No N.A. N.A. N.A. 1.63 MHz Yes
[23]/2011 SIMO 3-DDCC 2C+4R Yes Yes Yes Yes No Yes Yes N.A. N.A. N.A. 3.97 MHz No
[24]/2017 SIMO 3-CCCCTA 2C Yes Yes Yes Yes Yes Yes Yes N.A. N.A. N.A. 3.183 MHz Yes
[25]/2017 SIMO 3-VDTA 2C Yes N.A. Yes Yes N.A. Yes No N.A. N.A. N.A. 3.04 MHz Yes
[26]/2017 SIMO 6-OTA 2C Yes Yes Yes Yes No No Yes N.A. N.A. N.A. 1.5 MHz Yes
[27]/2017 SIMO 1-DVCC+

1-MOCCII
2C+3R Yes No Yes Yes No Yes No N.A. N.A. N.A. 1.59 MHz No

[36]/2016 SIMO 2-FDCCII 2C+5R Yes Yes Yes Yes No No Yes N.A. N.A. N.A. 1.59 MHz No
[37]/2018 SIMO 2-FDCCII 2C+4R Yes Yes Yes Yes No No Yes N.A. N.A. N.A. 1.59 MHz No
[28]/2004 MISO 7-CCII 2C+8R Yes Yes N.A. N.A. N.A. No Yes No Yes Yes - No
[29]/2006 MISO 3-CCII 3C+4R+

2-switch
No No N.A. N.A. N.A. No Yes No Yes Yes - No

[30]/2009 MISO 4-OTA 2C Yes Yes N.A. N.A. N.A. No Yes No Yes No 1.59 MHz Yes
[31]/2010 MISO 2-MOCCCII 2C+2R Yes Yes N.A. N.A. N.A. Yes Yes No Yes Yes 1.27 MHz Yes
[32]/2013 MISO 4-MOCCCII 2C Yes Yes N.A. N.A. N.A. No Yes Yes Yes No - Yes
[33]/2016 SIMO/

MISO
1-FDCCII+

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

[34]/2018 MISO 5-DVCC 2C+5R Yes Yes N.A. N.A. N.A. Yes No No Yes Yes 1 MHz No
Proposed MISO/

SIMO
2-EXCCTA 2C+4R+

switch
Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 MHz Yes

*N.A. (not applicable) [points (v)-(vii) are not applicable in case of MISO filters, points (x)-(xii) are not applicable in case 
of SIMO filters, point (iv) is not applicable in case of resistor less filters]



191

(i) number of ABBs employed, 
(ii) number of passive components needed, 
(iii) no need for capacitive matching, 
(iv) no requirement for resistive matching except for 

AP response, 
(v) use of grounded capacitors in SIMO configuration,
(vi) availability of explicit current output from high 

impedance node in SIMO configuration,
(vii) low input impedance for CM and TIM in SIMO 

configuration,
(viii) provision to control quality factor independent of 

the natural frequency,
(ix) ability to provide all five filter responses in all four 

modes of operation,
(x) low output impedance for MISO (VM and TIM),
(xi) availability of explicit current output for MISO 

(CM and TAM),
(xii) no requirement for double/negative input signals 

(voltage/current) in MISO configuration,
(xiii) test natural frequency,
(xiv) inbuilt tunability.

A detailed comparison of the state-of-the-art mixed-mode 
filters with the proposed design is presented in Table 1. 

It can be inferred from the table that the filter structures [16, 
19-26, 28-30, 32, 34] employ three or more ABBs for the de-
sign. The designs in [16, 28, 29, 33, 34] utilize seven or more 
passive components. The design in [29] requires capacitive 
matching, which is undesirable in today’s submicron tech-
nologies. In filters [16-17, 21, 22, 26, 28-30, 32] the quality 
factor cannot be controlled independent of the natural fre-
quency. The filter structures [17-22, 25, 27, 34] are not truly 
universal mixed-modes since they cannot realize all five 
filter responses in VM, CM, TAM and TIM operation. None 
of the above mixed-mode filters except [20] is designed at 
natural frequency higher than 4 MHz. The filter structures 
[16-18, 20, 23, 27-29, 33, 34] lack inbuilt tunability. None of 
the existing filters (with the exception of [33]) can work in 
both MISO and SIMO configurations and provide all five 
filter responses in all Four modes of operation. In addition, 
some other drawbacks of the design [33] are: (i) the design 
is not modular as it uses two different ABBs, namely FDC-
CII and DDCC, also it requires five input voltages and six in-
put currents in MISO configuration, (ii) both capacitors are 
connected to X terminals which is undesired as it effects 
the high frequency performance as shown in [35], (iii) use 
negative and double inputs in MISO configuration, and (iv) 
lack of built-in tunability. The literature survey points out 
that although many exemplary mixed-mode filter designs 
exists, the research in the mix-mode filter design is still lim-
ited and newer designs need to be developed to cater to 
increasing demand of mixed-signal processing systems. In 
context, this paper aims to introduce a novel mixed-mode 
filter structure composed of two extra X current conveyor 
transconductance amplifier (EXCCTA), one switch, two ca-

pacitors, and four resistors, which employs only three input 
current/voltage signals in MISO operation and is free from 
the above drawbacks of [33]. The striking features of the 
proposed filter are: (i) provides all five filter responses in all 
four modes of operation, (ii) it can work in both MISO and 
SIMO configuration without change in topology, (iii) it has 
inbuilt tunability, and (iv) the filter exhibits low active and 
passive sensitivities to passive elements. Beside these the 
filter enjoys all the properties mentioned in Table 1. The pre-
cise design, layout and simulation of the EXCCTA, is done in 
Cadence Virtuoso using Silterra Malaysia 0.18µm PDK. The 
layout verification and parasitic extraction is carried out us-
ing Mentor Graphics Calibre. The post layout results bear 
close resemblance with the theoretical predictions.

2 Extra X current conveyor 
transconductance amplifier (EXCCTA)

The EXCCTA is a versatile electronically tunable ABB car-
rying features of extra X current conveyor (EXCCII) [13] 
and operational transconductance amplifier (OTA) [14] 
in one compact integrated circuit implementation. The 
EXCCTA provides two independent low impedance cur-
rent input terminals XP,N together with a high impedance 
voltage input terminal Y. It also has OTA at the output 
stage imparting tunability to the structure. The block 
diagram and voltage-current relations of the EXCCTA are 
given in Figure 1 and Equation (1), respectively. The com-
plete CMOS implementation [15] is presented in Figure 
2. The class AB output stage is utilized in the first stage to 
minimize supply voltage and power dissipation.

Figure 1: Block diagram of EXCCTA
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3 Proposed electronically tunable 
mixed-mode universal filter

The proposed mixed-mode universal filter is presented 
in Figure 3. The filter employs four resistors, two capaci-
tors, and two EXCCTAs. The filter can work in both SIMO 
and MISO configurations by adding a single pole dou-
ble throw (SPDT) switch. The operation and features of 
the filter in each configuration are discussed below.

3.1 SIMO configuration

In SIMO configuration, the currents I1 to I3 and input volt-
ages V1 to V3 are set to zero. This grounds all the passive 
components except R3 as can be inferred from Figure 3(b). 
In addition, in SIMO configuration no switch is needed for 
generating filter responses in all four modes. In SIMO con-
figuration the filter has following attributes: (i) inbuilt tun-
ability, (ii) use of grounded capacitors and no capacitive 
matching requirement, (iii) high input impedance in CM 
and TIM, (iv) CM and TAM output available form explicit 
high impedance nodes, (v) tunability of Q independent of 
ω0, (vi) AP gain tunability in VM and TIM, and (vii) availabil-
ity of all filter function in all four mode. 

3.1.1 SIMO voltage-mode and transadmittance-mode op-
eration
To obtain VM and TAM responses, the input current Iin is 
set to zero and the input voltage Vin is applied as shown 
in Figure 3(b). The routine analysis of the circuit leads to 
the transfer functions as given in Equations (2-6). The 
VM responses are obtained from terminals Vout1(SIMO) to 
Vout4(SIMO) as follows:

 
( ) ( ) ( )

( )
3

2

1 2 1 2 2 1 2 3 2 3

1

LP

out SIMO
VM

in m m

V s
T s

V s s C C R R sC g R R g R
= =

+ +
(2)

Figure 2: CMOS implementation of the EXCCTA

(a)

(b)

(c)

Figure 3: Proposed mix-mode filter: (a) generalized dia-
gram, (b) SIMO configuration, (c) MISO configuration

The number of current output terminals (IZP+, IZP-, IZN+, 
IZN-, I0+, I0-) can be increased by simply adding two MOS 
transistors.
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( ) ( ) ( )

( )
1

HP

out SIMO
VM

in

V s
T s

V s
= =

 2

1 2 1 2

2

1 2 1 2 2 1 2 3 2 3m m

s C C R R
s C C R R sC g R R g R

=
+ +

  (3)

 (4)

To obtain unity gain AP response a simple resistive 
matching of R1 = R3 is required and the response is ob-
tained across resistor R4. 

 
( ) ( ) ( )

( )
4

AP

out SIMO
VM

in

V s
T s

V s
= =

 ( )2

4 1 2 2 2 1 2 2

2

1 2 1 2 2 1 2 3 2 3

m m

m m

R s C C R sC g R g
s C C R R sC g R R g R

− +
=

+ +

(5)

If the O2- terminal is disconnected from the resistor R4, 
Equation (5) turns to:

 
( ) ( ) ( )

( )
4

BR

out SIMO
VM

in

V s
T s

V s
= =

 2

1 2 2 4 2 4

2

1 2 1 2 2 1 2 3 2 3

m

m m

s C C R R g R
s C C R R sC g R R g R

+
=

+ +

(6)

and a BR response is obtained.

The TAM responses are obtained from high impedance 
Iout1(SIMO) to Iout3(SIMO) terminals. The transfer functions are 
given in Equations (7-11).

    (7)
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In TAM, the BR and AP responses can be obtained by 
appropriately connecting the HP, LP and BP currents. 
It must be pointed out that, if the filter is designed to 
work in SIMO configuration then there is no need for 
the SPDT switch.

3.1.2 SIMO current-mode and transimpedance-mode op-
eration
To obtain CM and TIM response, input voltage Vin is set 
to zero and the input current Iin is applied to the filter. 
In CM operation all passive elements are grounded. 
The CM responses are available from high impedance 
terminals Iout1(SIMO) to Iout3(SIMO) and TIM responses are ob-
tained from terminals Vout1(SIMO) to Vout4(SIMO). The CM filter 
transfer functions are given in Equations (12-16). In CM, 
the BR and AP responses can be obtained by appropri-
ately summing the output currents (IHP, ILP, IBP).
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(13)
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The TIM filter transfer functions are given in Equations 
(17-21) as follows: 
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Note that to obtain unity gain AP response a simple re-
sistive matching of R1 = R3 is required and the response 
is obtained across resistor R4:
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while BR response is obtained, if the O2- terminal is dis-
connected from resistor R4:
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Subsequently, the expression for natural frequency 
and Q of the SIMO mixed-mode filter are:

 
2 3
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3.2 MISO configuration

In MISO configuration, the input current Iin and input 
voltage Vin are set to zero. The input currents I1 to I3 and 
input voltages V1 to V3 are applied to obtain the re-
quired filter responses. In this configuration only three 
resistors are employed, resistor R4 is not required and 
can be eliminated as shown in Figure 3(c). The attrac-
tive features of the filter include: (i) low output imped-
ance for VM and TIM, (ii) high output impedance explic-
it current output for CM and TAM, (iii) no requirement 
for double/negative input signals (voltage/current), (iv) 
tunability, (v) simultaneous availability of VM and TIM/
CM and TAM responses from same input sequence, and 
(vi) filter is cascadable in all four modes. The operation 
of the filter is described below.

3.2.1 MISO voltage-mode and transadmittance-mode op-
eration
To obtain VM and TAM responses, the input voltage V1 
to V3 are applied according to the Table 2 and the SPDT 
switch is connected to point B.

Table 2: Input voltage excitation sequence

Response Inputs Passive 
Matching 
Condition

Active  
Matching

V1 V2 V3

LP 0 0 1 No No
HP 1 0 0 No No
BP 0 1 0 No No
BR 1 0 1 No No
AP 1 1 1 No gm1=gm2
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The output responses are obtained from low imped-
ance terminal Vout(MISO)(VM-Mode) and high impedance ter-
minal Iout(MISO)(TAM-Mode). The transfer functions for VM and 
TAM modes are given as:

 ( )( ) out MISO VM ModeV − =

 2

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

2

1 2 1 2 2 1 2 3 2 3

m m

m m

s C C R R V sC g R RV g RV
s C C R R sC g R R g R

− +
=

+ +

(24)

 ( )( ) out MISO TAM ModeI − =

 2

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

1 2

1 2 1 2 2 1 2 3 2 3

m m
m

m m

s C C R R V sC g R RV g RVg
s C C R R sC g R R g R

 − +
=  + + 

(25)

while f0 and Q correspond to Equations (22) and (23), 
respectively.

3.2.2 MISO current-mode and transimpedance-mode op-
eration
To obtain CM and TIM responses, the input voltages V1 
to V3 are set to zero, the SPDT switch is connected to 
point A, and input current signals I1 to I3 are applied ac-
cording to Table 3. 

Table 3: Input current excitation sequence

Response Inputs Passive 
Matching 
Condition

Active  
Matching

I1 I2 I3

LP 0 0 1 No No
HP 0 1 1 No gm1 R2 = 1
BP 1 0 0 No No
BR 0 1 0 No No
AP 1 1 0 R3 = R1 No

The CM responses are obtained from high impedance 
terminal Iout(MISO)(CM-Mode) and TIM responses from low im-
pedance terminal Vout(MISO)(TIM-Mode). The transfer functions 
and expression for quality factor and pole frequency 
are given as:

 ( )( ) out MISO CM ModeI − =

 2

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

2

1 2 1 2 2 1 2 3 2 1

( )m m m m

m m

sC R g R I s C C R R g R I g g R R I
s C C R R sC g R R g R

 − + +
=  + + 

(28)

 ( )( ) out MISO TIM ModeV − =

 2

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

1 3 2

1 2 1 2 2 1 2 3 2 1

( )m m m m

m m

sC g R I s C C R g I g g R IR R
s C C R R sC g R R g R

 − + +
=  + + 

(29)

 
2

0

1 2 2

1

2

mgf
C C Rπ

=                   (30)

 
1 21

1 3 2 2

m

m

C gRQ
g R C R

=                   (31)

Note that except for AP there is no requirement for 
matching passive components. In case of HP response, 
the value of transconductance gm1 should be adjusted 
to achieve gm1R2 = 1, which can be easily accomplished 
by adjusting the bias current Ibias of the first EXCCTA. 

As a brief conclusion it must be emphasised that the 
proposed filter can realize SIMO (all modes) and MISO 
(VM and TAM) responses without requiring any switch. 
The switch is only required to obtain MISO (CM and 
TIM) responses.

4 Non-Ideal and sensitivity analysis

The non-ideal model of the EXCCTA is presented in 
Figure 4. As can be deduced, the various parasitic re-
sistances and capacitances appear in parallel with the 
input and output nodes of the device. The low imped-
ance X node has a parasitic resistance and inductance 
in series with it. The other non-ideal effects that influ-
ences the response of the EXCCTA are the frequency 
dependent non-ideal current (αP, αN), voltage (βP, βN), 
and OTA transconductance transfer (γ, γ‘) gains. These 
gains cause a change in the current and voltage signals 
during transfer leading to undesired response. 

Figure 4: Non-ideal model of EXCCTA with parasitics

Taking into account the non-ideal gains the V-I charac-
teristics of the EXCCTA in (1) will be modified as follows: 

0YI = , XP P YV Vβ= , XN N YV Vβ= , ZP P XPI I , 
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( )

'

' 2 2 2 2

0  & 

1 2 2

1

2

P P m
MISO CM TIM

gf
C C R

γ α β
π  

=                 (43)

 

( )

'

' 2 2 2 1 21

' & 

1 1 1 1 3 2 2

P P m
MISO CM TIM

P P m

C gRQ
g R C R

γ α β
α β γ  

= (44)

As a result of component tolerance and non-idealities 
in EXCCTA the response of the practical filter deviates 
from the ideal one. To get a measure of the deviation, 
the relative sensitivity is applied. Mathematically, rela-

tive sensitivity is defined as 
 

limy
x X

y
x yyS x y xx

∞∆ −

∆ 
∂ = = ∆ ∂ 

 

, where x 

is the component that is varied and y is the ω0 and Q in 
our case.

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

'
ZP P XPI Iα− = ZN N XNI Iα+ = '

ZN N XNI Iα− = O m ZPI g Vγ+ +=

O m ZPI g Vγ− +′= −
, , , ,

, where 1Pm vPmβ ε= − , 1Nm vNmβ ε= − ,
1Pm iPmα ε= − ' '1Pm iPmα ε= − 1Nm iNmα ε= − ' '1Nm iNmα ε= −, , , ,

1
mm g mγ ε= − , and '1

mm g mγ ε= −′ for m = 1, 2, which refers
to the number of EXCCTAs. Here, vPmε  and

( ) ,   «1 vNm vPm vNmε ε ε denote voltage tracking errors,

iPmε '
iPmε iNmε '

iNmε ' ',  ,  ,  «1 iPm iPm iNm iNmε ε ε ε, , , ( ) denote

denote transconductance errors of the EXCCTA. 

current tracking errors, and
mg mε '

mg mε ( )',   «1 
m mg m g mε ε,

 
                     (35)
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(42)

The sensitivities obtained from Equations (39, 40) for 
the SIMO and MISO (VM and TAM) configurations are 
given in (45-47). The sensitivity analysis results for MISO 
(CM and TIM) for (43, 44) are given in Equations (48-50). 

The non-ideal analysis considering the effect of non-
ideal current, voltage, and transconductance transfer 
gains is carried out for SIMO (VM and CM) and MISO 
(VM and CM) configurations to see its effect on the 
transfer function, f0, and Q of the proposed filters. The 
modified expressions of filter transfer functions, f0, and 
Q for the SIMO, and MISO configurations are presented 
in Equations (32-44). 
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'
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=
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1 2 1 2 2
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(40)
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The sensitivities are low and have absolute values not 
higher than unity.

5 Simulation results

To validate the proposed mixed-mode filter, the EXC-
CTA is designed in Cadence Virtuoso software using 
0.18µm PDK provided by Silterra Malaysia. The widths 
and lengths of the MOS transistors are given in Table 4. 
The supply voltage is set to ±1.25 V and the bias current 
of th OTAs is set to120µA resulting in transconductance 
of gm1 = gm2 = 1.0321 mS. The complete layout of the 
EXCCTA is designed as presented in Figure 5. The lay-

out verification and parasitic extraction are done using 
Mentor Graphics Calibre verification tool. The high per-
formance nhp and php MOSFETs from the PDK library 
are employed in the design. The EXCCTA occupied a 
total chip area of (52.78×22.085)µm2. 

Table 4: Width and length of the MOS transistors

Transistor Width (µm) Length (µm)
M1-M4 3.06 0.36
M5-M8 4 0.36
M9-M11, M19-M21 2.16 0.36
M12, M13, M22, M23 1.08 0.72
M14-M18, M24-M28 0.72 0.72
M29-M32 1.8 0.36
M33-M36 5.4 0.36
M37-M40 1.8 0.72

5.1 SIMO configuration operation

First of all, the SIMO configuration of the proposed 
filter is validated. The filter is designed for centre fre-
quency of 7.622 MHz by setting passive components 
and OTA bias current values as follows: R1 = 1 kΩ, R2 = 
2 kΩ, R3 = 1 kΩ, R4 = 1 kΩ, C1 = 15 pF, C2 = 15 pF, and 
gm1 = gm2 = 1.0321 mS. For the sake of comparison, the 
EXCCTA based filter responses are plotted along with 
the ideal filter results obtained using the Matlab soft-
ware. The VM responses are shown in Figure 6. The AP 
response is obtained across resistance R4. In addition, 
the gain of the AP response can be tuned through R4 
without affecting other filter parameters as is evident 
from Figure 7.

Figure 5: Layout of the EXCCTA used in proposed filter design
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Figure 6: VM SIMO configuration: Frequency responses 
of the LP, BP, and HP filter

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

To analyse the quality factor tuning, the BP response is 
plotted for different values of IBias1 current of OTA1. It can 
be deduced from Figure 8 that the quality factor can 
be tuned independent of the centre frequency. The sig-
nal processing capability of the VM filter is verified by 
examining the transient response of the filter. A sinu-
soidal voltage input signal at 7.622 MHz is applied and 
the observed LP, BP, HP responses are plotted as given 
in Figure 9. The total harmonic distortion (THD) of the 
filter for LP, BP, HP and AP responses is plotted for dif-
ferent input signal amplitudes. The THD remains within 
acceptable limits for large input range as presented in 
Figure 10. 

Figure 8: VM SIMO configuration: Quality factor tuning 
for different bias currents in BP filter

Figure 9: VM SIMO configuration: Transient analysis of 
the filter

Figure 10: VM SIMO configuration: The THD analysis re-
sults of the filter

To study the effect of process variation on the pro-
posed filter Monte Carlo analysis is carried out for 10% 
variation in both capacitor C1 and C2 values for BP re-
sponse. The analysis is done for 200 runs and the results 
are presented in Figure 11.

Figure 11: VM SIMO configuration: The Monte Carlo 
analysis results

The results for CM SIMO filter are presented in Figures 
12 and 13. The BR and AP responses are obtained by 
summing IHP, ILP, and IBP currents appropriately as dis-
cussed in section 3. The quality factor variation with 
OTA1 bias current IBias1 is depicted in Figure 14. 
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Figure 12: CM SIMO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 13: CM SIMO configuration: Gain and phase re-
sponses of the AP filter

Figure 14: CM SIMO configuration: Quality factor tun-
ing for different bias currents in BP filter

The Monte Carlo analysis is carried out for 10% varia-
tion in both capacitor C1 and C2 values for LP response 
in CM operation. The analysis is done for 200 runs and 
the results are given in Figures 15. To further see the ef-
fect of process variability another Monte Carlo analysis 
is done using the Monte Carlo parameters given in the 
product design kit (PDK) for the MOS transistors. The 
results are presented in Figure 16. As can be deduced 
the mean value of frequency showed a deviation of ap-
proximately 6.1% for designed frequency. The THD for 
LP, HP, and BP responses are presented in Figure 17.

Figure 15: CM SIMO configuration: The Monte Carlo 
analysis results

Figure 16: CM SIMO configuration: The Monte Carlo 
analysis results for transistor variability

Figure 17: CM SIMO configuration: The THD analysis re-
sults of the LP, HP, and BP filter

The TAM filter responses are given in Figures 18 and 
19, which prove that the filter can generate all five re-
sponses in this mode. The BR and AP responses can be 
obtained by summing the IHP, ILP, and IBP currents. 

Figure 18: TAM SIMO configuration: Frequency re-
sponses of the LP, BP, HP, and BR filter
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Figure 19: TAM SIMO configuration: Gain and phase re-
sponses of the AP filter

The LP, BP, and HP responses in TIM configuration are 
shown in Figure 20. The AP response is given in Figure 
21. To verify the frequency tunability the LP response 
is plotted for different values of resistance R2. Figure 22 
shows that the frequency tuning also effects the Q of 
the filter, however, it can be adjusted independent of 
frequency by varying IBias1 of OTA1.

Figure 20: TIM SIMO configuration: Frequency respons-
es of the LP, BP, and HP filter

Figure 21: TIM SIMO configuration: Gain and phase re-
sponses of the AP filter

Figure 22: TIM SIMO configuration: Frequency tunabil-
ity for different values of R2 in LP filter

5.2 MISO VM and TAM configuration operation

The filter is designed for f0 = 7.9577 MHz by setting pas-
sive component and OTA bias current values as follows: 
R1 = 1 kΩ, R2 = 1 kΩ, R3 = 969 Ω, C1 = 20 pF, C2 = 20 
pF, and gm1 = gm2 = 1.0321 mS. It must be noted that in 
MISO configuration resistor R4 is not required and will 
be removed. The inputs are applied according to con-
ditions outlined in Table 2. The filter provides VM and 
TAM responses simultaneously from the same input 
sequence. The VM filter responses are presented Figure 
23. The VM AP response is given in Figure 24. The inde-
pendent tunability of the Q is depicted in Figure 25 for 
different bias currents IBias1 of OTA1. To check the phase 
and signal processing accuracy of the filter, transient 
analysis is done at 7.9577 MHz with sinusoidal voltage 
input of 200mV (p-p) for BP configuration. Figure 26 
validates the correct functioning of the filter. 

Figure 23: VM MISO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 24: VM MISO configuration: Gain and phase re-
sponses of the AP filter

Figure 25: VM MISO configuration: Quality factor tun-
ing for different bias currents in BP filter
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Figure 26: VM MISO configuration: Transient analysis of 
BP filter

The TAM responses of the MISO filter are presented in 
Figure 27. The AP response is given in Figure 28. The VM 
outputs are obtained from low impedance node and 
TAM outputs are obtained from explicit high imped-
ance node which make this filter cascadable.

Figure 27: TAM MISO configuration: Frequency re-
sponses of the LP, BP, HP, and BR filter

Figure 28: TAM MISO configuration: Gain and phase re-
sponses of the AP filter

5.3 MISO CM and TIM configuration operation

The CM and TAM filter is designed for f0 = 8.16 MHz by 
setting passive component and OTA transconductance 
values as follows: R1 = 1 kΩ, R2 = 1 kΩ, R3 = 969 Ω, C1 = 20 
pF, C2 = 20 pF, and gm1 = gm2 = 1.0321 mS. In MISO filter 
there is again no need for R4. The inputs currents are ap-
plied according to sequence given in Table 3. The filter 
provides CM and TIM responses simultaneously from 
the same input sequence. The CM outputs are avail-
able from explicit high impedance node and the TIM 
outputs are available from low impedance node mak-

ing the filter cascadable. The CM responses are given in 
Figures 29, 30 and the TIM responses are presented in 
Figures 31, 32.

Figure 29: CM MISO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 30: CM MISO configuration: Gain and phase re-
sponses of the AP filter

Figure 31: TIM MISO configuration: Frequency respons-
es of the LP, BP, HP, and BR filter

Figure 32: TIM MISO configuration: Gain and phase re-
sponses of the AP filter

M. I. A. Albrni et al.; Informacije Midem, Vol. 50, No. 2(2020), 189 – 203



202

The proposed filter is validated in both MISO and SIMO 
configurations. The filter responses are found close to 
the theoretical ones. In CM and TAM operation, the fil-
ter response degrades beyond 350 MHz as seen from 
the graphs. This problem can be mitigated by increas-
ing the output impedance of ZP and ZN terminals by 
employing cascode transistors in the output stage. 
Moreover, careful layout can further increase the accu-
racy of the filter.

6 Conclusion

In this study, a new EXCCTA based electronically tun-
able mixed-mode filter structure is proposed. The filter 
employs two EXCCTAs, four resistors, two capacitors, 
and a single switch. This is the first presented filter to 
date that has inbuilt tunability and can realize all five 
filter responses in all four modes of operation (VM, 
CM, TAM, and TIM) in both MISO and SIMO configura-
tions. The detailed theoretical analysis, non-ideal gain 
analysis, and sensitivity study are given. The layout of 
the EXCCTA is designed in Cadence software and ex-
tensive simulations are carried out to examine and vali-
date the proposed filter in all four modes of operation. 
The proposed filter has the following advantages: (i) 
ability to operate in both MISO and SIMO configura-
tions in all four modes, (ii) no requirement of capacitive 
matching, (iii) low input impedance in SIMO (CM and 
TIM) configuration, (iv) high output impedance explicit 
current output for SIMO (CM and TAM), (v) tunability of 
Q independent of frequency in MISO and SIMO con-
figurations, (vi) use of grounded capacitors in SIMO 
configuration, (vii) low output impedance for MISO 
(VM and TIM), (viii) high output impedance explicit cur-
rent output for MISO (CM and TAM), (ix) no requirement 
for double/negative input signals (voltage/current) in 
MISO configuration, and (x) low active and passive sen-
sitivities. The simulation results are consistent with the 
theoretical predictions.
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