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Abstract 

This work is intended to present a novel MOS-C design of first order frequency selective analog 
structure that plays essential role in phase equalization. The proposed idea employs 2 electronically 
tunable operational trans-conductance amplifiers, 7 MOS transistors forming active resistors and 1 
grounded capacitor. Substantial flexibility to work in all 4 possible mode of operation enriches the 
uniqueness of proposed frequency selective structure. Non-ideal scenarios along with parasitic effects are 
also incorporated to explore real time performance of proposed structure. The emphasis on design has 
been enhanced by studying the effects of capacitor variations through Monte-Carlo analysis and the 
effects due to the temperature variations. Typical 0.18 µm CMOS process parameters are utilized in the 
verification of presented theoretical aspects through PSPICE simulation. To make room for the 
practicability of the proposed circuit, the experimental realization using commercially available ICs is 
also explored and included.  
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Introduction 

Ever since the establishment of signal processing, analog signal processing has been recognized in 
the detection, measurement and process of analog signals. Consequently, various analog signal processing 
blocks are reported in the literature so far. Owing an extremely useful characteristic of signal selection, 
filters have become popular frequency selective analog block nowadays. Filter design is one of the very 
few areas that still has enormous scope of research. Analog filters may be classified into various 
categories on the basis of frequency selection properties and order of filtering. Among all possible 
classifications, first order all-pass filters (APFs) are gaining popularity due to their inherent attribute of 
phase correction. All-pass filters also work as one of the essential blocks in numerous signal processing 
applications such as in oscillators, communication systems, control systems, audio processing systems, 
healthcare equipment, etc. [1]. As a result, literature is filled with numerous all-pass filters that employ 
variety of active building blocks (ABBs). However, novel structures of first order all-pass frequency 
selective networks are still on demand [2-39]. In this paper, only those existing works are considered for 
study which employed operational trans-conductance amplifier (OTA) as an ABB [2-33]. All the reported 
first order OTA based APF can be discriminated on the basis of nature of input and output signals 
deciding the mode of operation. Various voltage mode (VM) APFs are documented in the existing 
literature [2-5,8,10,12-15,17,19,20,22-25,27,28]. Similarly, the varieties of current mode (CM) APFs 
[6,7,9,11,16,21,29-33] are also reported. One trans-admittance mode (TAM) APF is presented in [18]. 
The work presented in [26] can operate in both voltage mode and current mode simultaneously. However, 
none of the reported works can work in all four possible mode of operation. Furthermore, all the reported 
APFs are categorized as follows on the basis of several key performance parameters. 

1) Passive components such as resistors and capacitors take more area during IC fabrication, thus 
the count of passive components should be limited. APF structures presented in 
[4,5,11,12,20,25,26,28,29] employ 3 or more passive components which increase circuit complexity. 

2) In comparison to realizations with more than 2 active elements, filter realizations based on 1 or 2 
active elements offer simpler circuit designs. APFs circuits reported in [3,7,16,19-23,25,30,33] have 3 or 
more than 3 active elements. 
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3) MOS-C filters realizations have the ability of tuning the pole frequency electronically. Filters 
reported in [3,7-10,13-16,18,19,21-23,27,30,33] have electronically tunable structure. 

4) The use of grounded capacitor(s) is advantageous from the integrated circuits fabrication point of 
view. APFs with 1 or 2 grounded capacitors have been reported in [4,6,8,11-13,15,17-21,23-26,29-33]. 

5) The circuit's practicality is amply validated by experimental results. Practical realizations using 
commercially available ICs of APFs in [3-5,9,11,13,17,23] are included. 

It is to be observed from the above categorizations of reported APFs that all existing circuits suffer 
from 1 or more limitations. With the motivation to overcome the limitations of existing OTA based 
analog all-pass filters, a new first order mixed mode MOS-C all-pass filter design is presented in this 
paper. The proposed APF employs 2 OTAs, 7 MOS transistors as active resistors and only 1 grounded 
capacitor as passive element. The presented structure is found more flexible since it can operate in all 4 
possible operating modes namely trans-admittance mode (TAM), voltage mode (VM), current mode 
(CM) and trans-impedance mode (TIM). Moreover, the proposed structure also enjoys the attractive 
feature of electronic tunability. Furthermore, the practicability of the proposed circuit is tested by 
exploring commercially available ICs based experimental realization. Additionally, to confirm the 
superiority of the novel design, an exhaustive comparison with the most relevant existing works has been 
made and included in tabular form in Table 1. 
 
Materials and methods 

 This section presents the detailed mathematical description of the proposed APF beginning with the 
fundamental features of the operational trans-conductance amplifier (OTA), which is used as an ABB. 
The proposed frequency selective structure as well as its non-ideal and parasitic investigations is given in 
the upcoming sub-sections. 
 

Description of ABB: OTA 
Among many of the available ABBs, one of the most popular choices is operational trans-

conductance amplifier (OTA) [17,21] due to its inherent and demanded attribute of electronic tunability. 
Figures 1 and 2 illustrate the symbolic representation and CMOS implementation of OTA, respectively.  

 
 

 
 

Figure 1 The symbolic representation of OTA [21]. 

 



Trends Sci. 2022; 19(13): 4616   3 of 18 

 
Figure 2 CMOS implementation of OTA [21]. 
 
 

The expressions that mathematical describe the behavior of OTA, commonly known as output 
current (I0) and trans-conductance (gm) of the device, are given in Eqs. (1) - (2), respectively. 

 

Table 1 Comparison of the presented structure of first order all-pass frequency selective network with the 
most relevant OTA based existing works. 

Ref. 
ABB(s) 
Used / 
Count 

No. of 
 BJT  

/ MOS 
transistors 

Count 
of passive  

components 
 (R+C) 

Grounded 
capacitor(s) 

Operating  
mode(s) 

Cascadability 
 at output 

Resistorless 
realization 

Electronic 
tunability 

Simulation/ 
Experimental 
verification 

shown 

THD 
(%) 

CMOS  
technology 

(µm) 

Pole 
frequency 

Power 
supply (V) and 

Maximum power  
dissipation 

(mW) 

[2] OTA/2 – 1 + 1 No VM No No Yes No/No – – – – 

[3] OTA/2, 
UGA/1 – 0 + 2 No VM Yes Yes Yes No/Yes – – 1 kHz – 

[4] OTA/1 – 4 + 1 Yes VM No No Yes No/Yes – – 4.65 kHz ± 13 and – 

[5] OTA/1, 
OA/1 – 4 + 1 No VM No No Yes No/Yes – – 20 kHz – 

[6] OTA/2 17 1 + 1 Yes CM Yes No Yes Yes/No – 0.80 100 kHz ± 5 and 138 

[7] OTA/2, 
OA/2 32 0 + 0 NA CM Yes Yes Yes Yes/No – 1.2 1 MHz ± 2.5 and – 

[8] OTA/1, 
UGDA/1 22 0 + 1 Yes VM Yes Yes Yes Yes/No 0.3 0.35 – ± 2.5 and – 

[9] OTA/1 12 0 + 1 No CM Yes Yes Yes No/Yes 0.8 – 1.32 
MHz ± 2.5 and – 

[10] OTA/1, 
UVC/1 – 0 + 1 No VM No Yes Yes Yes/No – – 1 MHz ± 2 and – 

[11] OTA/2 – 2 + 1 Yes CM Yes No Yes No/Yes – – – – 

[12] OTA/1, 
DVCC/1 25 2 + 1 Yes VM Yes No Yes Yes/No 2 0.50 100 kHz ± 1.85 and – 

[13] OTA/1, 
DIBA/1 – 0 + 1 Yes VM No Yes Yes No/Yes 0.1-1 – 318 kHz ± 5 and – 

[14] OTA/1 14 0 + 1 No VM Yes Yes Yes Yes/No 2 0.35 1 MHz ± 1.5 and – 

[15] OTA/1 24 0 + 1 Yes VM Yes Yes Yes Yes/No 2 0.35 1 MHz +1.5 and – 

[16] OTA/2, 
OA/1 30 0 + 0 NA CM No Yes Yes Yes/No 0.58 0.25 2.06 

MHz ± 2 and – 

[17] OTA/2 16 1 + 1 Yes VM Yes No Yes No/Yes – 0.18 8.05 kHz ±0.4/±5  and 
0.0472/9 

[18] OTA/2 22 0 + 1 Yes TAM Yes Yes Yes Yes/No 1.21-
2.83 0.18 1.53 kHz ± 0.85 and 4.76 



Trends Sci. 2022; 19(13): 4616   4 of 18 

Ref. 
ABB(s) 
Used / 
Count 

No. of 
 BJT  

/ MOS 
transistors 

Count 
of passive  

components 
 (R+C) 

Grounded 
capacitor(s) 

Operating  
mode(s) 

Cascadability 
 at output 

Resistorless 
realization 

Electronic 
tunability 

Simulation/ 
Experimental 
verification 

shown 

THD 
(%) 

CMOS  
technology 

(µm) 

Pole 
frequency 

Power 
supply (V) and 

Maximum power  
dissipation 

(mW) 

[19] OTA/3 12 0 + 1 Yes VM No Yes Yes Yes/No – 0.50 246.75 
kHz ± 3 and – 

[20] OTA/6, 
OA/1 – 2 + 1 Yes VM No No Yes Yes/No – – 20 kHz – 

[21] OTA/3 36 0 + 1 Yes CM Yes Yes Yes Yes/No – 0.50 1 MHz ± 1.8 and 2.49 

[22] OTA/3 12 0 + 1 No VM No Yes Yes Yes/No – 0.35 2.89 
MHz ± 1.65  and – 

[23] OTA/2, 
ECCII/1 – 0 + 1 Yes VM Yes Yes Yes No/Yes – – 150 kHz ± 5 and – 

[24] OTA/2 – 1 + 1 Yes$ VM No No Yes Yes/No – – – – 

[25] 
CF/I/1, 
CA/1, 
OTA/1 

– 2 + 1 Yes VM Yes No Yes Yes/No – – – – 

[26] OTA/2 24 4 + 1 Yes VM, 
CM No No Yes Yes/No – 0.18 953.5 

kHz ± 1 and – 

[27] OTA/2 24 0 + 1 No VM No Yes Yes Yes/No – 0.18 1 kHz ± 1.8 and – 

[28] OTA/1 08 1 + 2 No VM Yes No Yes Yes/No – 0.18 – ± 2 and – 

[29] OTA/1 12 2 + 1 Yes CM Yes No Yes Yes/No – 0.50 15.9 kHz ± 1.5 and – 

[30] OTA/3 36 0 + 1 Yes CM Yes Yes Yes Yes/No 0.64 0.25 7 MHz ± 1.5 and – 

[31] OTA/1 12 1 + 1 Yes CM Yes No Yes Yes/No – 0.50 1 MHz ± 2 and – 

[32] OTA/1 12 1 + 1 Yes CM Yes No Yes Yes/No – 0.50 1 MHz ± 2 and – 

[33] OTA/3 63 0 + 1 Yes CM Yes Yes Yes Yes/No – – 0.15 
MHz ± 2.5 and – 

Proposed OTA/2 27 0 + 1 Yes 

VM, 
TAM, 
CM, 
TIM 

Yes# Yes Yes Yes/Yes 0.186 0.18 1.561 
MHz ± 1 and 0.717 

Abbreviations: ABB: Active building block, OTA: Operational trans-conductance amplifier, UGA: Unity gain amplifier, OA: 
Operational amplifier, UGDA: Unity gain differential amplifier, UVC: Universal voltage conveyor, DVCC: Differential voltage 
current conveyor, DIBA: Differential-input buffered amplifier, ECCII: Electronically tunable second generation current conveyor, 
CF/I: Current follower/inverter, CA: Current amplifier, BJT: Bipolar junction transistor, MOS: Metal oxide semiconductor, R: 
Resistor, C: Capacitor, VM: Voltage mode, TAM: Trans-admittance mode, CM: Current mode, TIM: Trans-impedance mode, THD: 
Total harmonic distortion, NA: Not applicable, –: Not available, $: Grounded capacitor is utilized in 3 out of 6 presented structures, 
#: This feature is available in CM and TAM. 

 

 

0 ( )mI g V V+ −= −  (1)

m n ox B
Wg C I
L

µ=  (2) 

 
where, IB is bias current; W/L is transistor aspect ratio; Cox is gate oxide capacitance per unit area; µn is 
mobility of electrons; V+ and V- are the voltages at non-inverting and inverting input terminals of OTA, 
respectively. 
 

Proposed circuit 
The proposed mixed mode MOS-C first order APF is shown in Figure 3. It employs 2 OTAs, 7 

NMOS transistors as active resistors and a grounded capacitor. The transistor MR1 realizes a floating 
active resistor RM1 [40] and 3 grounded active resistors RM2, RM3 and RM4 [41], are realized using NMOS 
pairs MR2-MR2′, MR3-MR3′ and MR4-MR4′, respectively. The mathematical expressions representing floating 
and grounded resistors are given in Eqs. (3) - (4), respectively. 
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Figure 3 Proposed mixed mode MOS-C first order APF. 

 
 

( )
1

1 1M n ox C T
WR C V V
L

µ
−

  = −  
  

 (3) 

( )
1

2Mj n ox Cj T
WR C V V
L

µ
−

  = −  
  

 (4) 

 
where, j = 2, 3 and 4, Cox, μn, W/L are the physical parameters of MOS transistors, VT is the threshold 
voltage and VC1, VC2, VC3 and VC4 are the control voltages. 

It is to be emphasized that the proposed configuration can operate in all 4 possible modes of 
operations (TAM, VM, CM and TIM). The working process of all 4 possible modes is explained in 
following 2 cases.  

 

Case-I Working process in TAM and VM 
 In TAM and VM, the required input should be voltage signal. Therefore, input voltage (Vin) as 

shown in Figure 3 is considered as input signal. However, the available output signal should be current 
(Iout) in case of TAM and should be voltage (Vout) in case of VM. Consequently, the mathematical 
expressions for output current (Iout) and output voltage (Vout) for TAM and VM, are given in Eqs. (5) - 
(6), respectively.  

 

2 3 2
2 1

1 2 3 1 2(1 )
in M M in M

out m m in
M M M M M

V R R V R
I g g V

R R sR C R R
  

= − −  + + +   
 (5) 

 

2 3 2
4 4 2 1

1 2 3 1 2(1 )
in M M in M

out out M M m m in
M M M M M

V R R V R
V I R R g g V

R R sR C R R
  

= = − −  + + +   
 (6) 

 
Here, gm1 and gm2 are the trans-conductances of first and second OTA, respectively. 
Eqs. (5) - (6) can be further simplified to get the transfer functions of APF in TAM and VM, by 

considering RM1 = RM2 = RM/2, RM3 = RM4 = RM, gm1 = gm2 = gm and gmRM = 2. The simplified transfer 
functions are given in Eqs. (7) - (8). 

 

( )
( ) 11( ) .
( ) 1

out M
AP TAM

in M M

I s sR CT s
V s R sR C

 −
= =  + 

 (7) 

 

( )
( ) 1( )
( ) 1

out M
AP VM

in M

V s sR CT s
V s sR C

 −
= =  + 

 (8) 
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Eqs. (7) - (8) are in the coherence with the standard transfer function of first order all-pass filter. 
 

Case-II Working process in CM and TIM 
The required input should be current signal in CM and TIM. Therefore, input current (Iin) as shown 

in Figure 3 is considered as input signal in this case. However, the available output signal should be 
current (Iout) in case of CM and should be voltage (Vout) in case of TIM. The mathematical expressions for 
output current (Iout) and output voltage (Vout) for CM and TIM are given in Eqs. (9) - (10), respectively.  

 

( )( ) 3
2 1 1 2 2 2

3(1 )
M

out m m in M M in M in M
M

R
I g g I R R I R I R

sR C
 

= + − − + 
 (9) 

( )( ) 3
4 4 2 1 1 2 2 2

3(1 )
M

out M out M m m in M M in M in M
M

R
V R I R g g I R R I R I R

sR C
 

= = + − − + 
  (10) 

 
By analyzing (9) and (10) and via considering RM1 = RM2 = RM/2, RM3 = RM4 = RM, gm1 = gm2 = gm 

and gmRM = 2, the transfer functions of APF in CM and TIM are given in Eqs. (11) - (12), respectively.  
 

( )
( ) 1( )
( ) 1

out M
AP CM

in M

I s sR CT s
I s sR C

 −
= =  + 

  (11) 

( )
( ) 1( )
( ) 1

out M
AP TIM M

in M

V s sR CT s R
I s sR C

 −
= =  + 

  (12) 

 
The magnitude and phase expressions are given below. 
 

( ) ( ) ( ) ( )
1 ,  1,  AP TAM AP VM AP CM AP TIM M
M

T T T T R
R

= = = =   (13) 

[ ]1 1 2( ) 2 tan 2 tanAP M
m

CR C
g
ωφ ω ω− −  

= − = −  
 

  (14) 

 
The pole frequency and sensitivity figures with respect to active and passive components are given 

in Eqs. (15) - (16), respectively. 
 

0
1

2 4
m

M

g
f

R C Cπ π
= =   (15) 

0 0 0 1
m M

f f f
Cg RS S S= − = − =   (16) 

 
From Eq. (16), it can be observed that the presented circuit has good sensitivity figures. It is also 

observed from the Eqs. (7), (8), (11) and (12) that the presented structure can operate in all possible 4 
modes. It is also worth mentioned and confirmed from Eqs. (14) - (15) that the phase response and pole 
frequency of the presented APF circuit is electronically tunable with the trans-conductance (gm), which 
value can be further controlled with the help of bias current, IB. Therefore, the presented circuit is enabled 
with the significant attribute of electronic tunability. 

 
Non-ideal analysis 
In the previous sub-section, the ideal behavioral model of the active device is considered for 

analyzing the proposed circuit of first order mixed mode MOS-C APF. However, non-ideal properties of 
OTA may also affect the performance of the proposed circuit. Firstly, the non-ideal factor of the trans-
conductance is considered which transforms the input voltage into an output current. By considering this 
non-ideal factor of trans-conductance, the output current of non-ideal OTA is modified as follows: 
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( )oi i miI g V Vβ + −= ± −   (17) 
 
where, gmi (i = 1, 2) is the trans-conductance of ith OTA and βi (i = 1, 2) is the inaccurate trans-
conductance factor of ith OTA. The proposed circuit of Figure 3 is reanalyzed using Eq. (17), the non-
ideal transfer functions of the proposed circuit are expressed in Eqs. (18) - (21). 
 

1 1 3 1 2
( ) 2 2 4

3 1 2 1 2

( )
( )

( ) 1
out m M M M

AP VM m M
in M M M M M

V s g R R RT s g R
V s sR C R R R R

β
β

  
= = −  + + +   

  (18) 

1 1 3 1 2
( ) 2 2

3 1 2 1 2

( )
( )

( ) 1
out m M M M

AP TAM m
in M M M M M

I s g R R RT s g
V s sR C R R R R

β
β

  
= = −  + + +   

   (19) 

1 1 1 3
( ) 2 2 2

3

( )
( )

( ) 1
out m M M

AP CM m M
in M

I s g R R
T s g R

I s sR C
β

β
 

= = − + 
  (20) 

1 1 1 3
( ) 2 2 4 2

3

( )
( )

( ) 1
out m M M

AP TIM m M M
in M

V s g R R
T s g R R

I s sR C
β

β
 

= = − + 
  (21) 

 
By analyzing Eqs. (18) - (21), if RM1 = RM2 = RM/2, RM3 = RM4 = RM, gm1 = gm2 = gm and gmRM = 2, 

the non-ideal transfer functions of the proposed APF are given in Eqs. (22) - (25).  
 

1
( ) 2

( ) 1
( )

( ) 1
out m M M

AP VM
in M

V s g R sR C
T s

V s sR C
β

β
 − +

= =  + 
  (22) 

12
( )

( ) 1
( )

( ) 1
out m M M

AP TAM
in M M

I s g R sR C
T s

V s R sR C
ββ  − +

= =  + 
  (23) 

1
( ) 2

( ) 1
( )

( ) 1
out m M M

AP CM
in M

I s g R sR C
T s

I s sR C
β

β
 − +

= =  + 
  (24) 

1
( ) 2

( ) 1
( )

( ) 1
out m M M

AP TIM M
in M

V s g R sR C
T s R

I s sR C
β

β
 − +

= =  + 
  (25) 

 
The non-ideal expressions of magnitude, phase and pole frequency (fo) of presented APF are given 

below. 

[ ] [ ]
[ ]

2 2
2 1 2

( ) ( ) 2

(2 1)

1
M

AP VM AP CM
M

R C
T T

R C

β β β− +
= =

+
  (26) 

[ ] [ ]
[ ]

2 2
2 1 2

( ) 2

(2 1)1

1
M

AP TAM
M M

R C
T

R R C

β β β− +
=

+
  (27) 

[ ] [ ]
[ ]

2 2
2 1 2

( ) 2

(2 1)

1
M

AP TIM M
M

R C
T R

R C

β β β− +
=

+
  (28) 

( )1 1

1
( ) tan tan

2 1
M

AP M
R C R Cω

φ ω ω
β

− − 
= − − − 

   (29) 

0
1

2 4
m

M

g
f

R C Cπ π
= =   (30) 
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It is evident from Eq. (30) that the pole frequency is unaltered and found same as Eq. (15). It is also 
observed that the performance of the proposed mixed mode MOS-C all-pass filter is less affected by the 
trans-conductance non-ideal factors β1 and β2. 

 
Parasitic analysis 
To anticipate the effects of parasitic on the proposed circuit, the parasitic model of OTA [17] is 

used. Figure 4 illustrates the structure of the OTA, which includes parasitic. The parasitic resistors and 
capacitors looking at the non-inverting (V+) and inverting (V-) terminals of the OTA are RV+, CV+, RV- and 
CV-, respectively. The parasitic resistors and capacitors that appear at the output terminal, Vout, are the Ro 
and Co. Taking all the parasitic into consideration along with RM1 = RM2 = RM/2, RM3 = RM4 = RM, gm1 = 
gm2 = gm, gmRM = 2 and by using Eq. (1), the proposed APF is reanalyzed. The modified transfer functions 
are given in Eqs. (31) - (34). 

 

 
Figure 4 The OTA model with parasitic [17]. 

 

2 3 2 3

( ) 2

2 2 3 3 4 4

1( )
( )

( )
( ) 4 1 1

4

T T T T
Mout

AP VM
in M

T T T T T T
M M M

s C C G G
RV s

T s
V s R sC G sC G sC G

R R R

 
− + − + 

 = =
   

+ + + + + +   
   

   (31) 

2 3 2 3

( )

2 2 3 3

1( )
( ) 1( )
( ) 4 1

4

T T T T
Mout

AP TAM
in M M

T T T T
M M

s C C G G
RI s

T s
V s R R sC G sC G

R R

  
− + − +  

  = =     + + + +      

   (32) 

( )

2 3 2 3

( )

3 3 2 2 1 1 2 2

1( )
( ) 2( )
( ) 1 4 2.

2

T T T T
Mout

AP CM
in M M

T T T T T T T T
M M M

s C C G G
RI s

T s
I s R RsC G sC G sC G sC G

R R R

   − + − + 
  = =         + + + + + + + +               

 (33) 

( )

2 3 2 3

( )

3 3 4 4 2 2 1 1 2 2

1( )
( ) 2( )
( ) 1 1 4 2.

2

T T T T
Mout

AP TIM
in M

T T T T T T T T T T
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  = =          + + + + + + + + + +                  

  (34) 

 
where, GT2 = GV1- + GV2-, CT2 = CV1- + CV2-, GT3 = GO1 + GV2+, CT3 = CO1 + CV2+ + C, GT4 = GO2, CT4 = 
CO2, GV1-=1/RV1-, GV2-=1/RV2-, GO1=1/RO1, GO2=1/RO2. RV1-, CV1-, RV2-, CV2- and RV1+, CV1+, RV2+, CV2+ are 
the parasitic resistors and capacitors looking at inverting (V-) and non-inverting (V+) terminals of the first 
and second OTA, respectively. RO1, CO1 and RO2, CO2 are the parasitic resistors and capacitors at outputs of 
first and second OTA, respectively. From Eqs. (31) - (34), it can be concluded that for large value of 
external active resistors and capacitor as compared to parasitic resistors and capacitors, the proposed filter 
works well under the influence of the device parasitic. The simulated values of various parasitic of the 
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OTA are listed in Table 2. In addition, the OTA has −3 dB bandwidth of 195.123 MHz and dynamic 
input voltage range of 100 to −100 mV.  
 
 
Table 2 Simulated values of various parasitic of the OTA. 

Various parasitic at different terminals Simulated values 
Parasitic at V+ Terminal (RV+, CV+) 1×1020 Ω, 2.74 fF 

Parasitic at V- Terminal (RV-, CV-) 1×1020 Ω, 2.73 fF 

Parasitic at I0 Terminal (R0, C0) 3.564×105 Ω, 3.18 fF 

 
 
Results and discussion 

To validate the performance characteristics of the proposed first order mixed mode MOS-C APF, 
simulations using PSPICE with 180 nm CMOS process parameters are done. In the simulation, a CMOS 
realization of OTA as shown in Figure 2 is used with ±1 V power supply voltages. Table 3 shows the 
aspect ratios of MOS transistors. The APF is designed at the pole frequency (fo) of 1.561 MHz. To 
achieve 2RM1 = 2RM2 = RM3 = RM4= RM =10.2 kΩ, the gate control voltages are set to VC1 = 0.7191 V 
with W/L ratios of 0.36/0.18 µm for floating active resistor RM1 and VC2 = 0.4827 V, VC3 = VC4 = 0.4508 
V with W/L ratios of 4.5 µm /0.18 µm for realizing three grounded active resistors RM2, RM3 and RM4. In 
addition, capacitor of 10 pF is considered in simulation. In order to provide the value of trans-
conductance as 196 µA/V, the biasing current is chosen as 52.23 µA. Figures 5 - 8 demonstrate the phase 
and gain responses of the presented circuit in TAM, VM, CM and TIM, respectively.  

 
 

Table 3 Aspect ratios of the transistors. 

MOSFETS Width (µm) Length (µm) 

M1, M2 5.67 0.72 
M3, M4, M5, M6, M7 2.16 0.72 

M8, M9, M10 1.44 0.72 
   

 

 
Figure 5 Simulated gain and phase responses of proposed APF in TAM. 
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Figure 6 Simulated gain and phase responses of proposed APF in VM. 
 
 

 
Figure 7 Simulated gain and phase responses of proposed APF in CM. 
 
 

  
Figure 8 Simulated gain and phase responses of proposed APF in TIM. 
 
 

The simulated frequency is 1.505 MHz with only 3.72 % inaccuracy. The difference between 
theoretical and simulated pole frequency is quite small and within an acceptable range. The dissipated 
power of proposed structure is found as 0.717 mW only. The gain and phase responses of the APF 
structure in TAM, VM, CM and TIM are tuned at 1.072, 1.286 and 1.505 MHz by setting the bias 
currents to IB1 = IB2 = IB as 25, 34 and 52.23 µA, respectively are shown in Figures 9 - 12, respectively. 
These variations in pole frequency further confirm that the pole frequency (fo) can be electronically tuned 
easily with a fine variation in bias current (IB). 
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Figure 9 Gain and phase responses of proposed APF in TAM at different bias current (IB). 
 
 
 

 
Figure 10 Gain and phase responses of proposed APF in VM at different bias current (IB). 
 
 
 

 
Figure 11 Gain and phase responses of proposed APF in CM at different bias current (IB). 
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Figure 12 Gain and phase responses of proposed APF in TIM at different bias current (IB). 
 
 

Figures 13 and 14 show the time domain waveforms of input and output for VM and CM 
responses, respectively. At pole frequency, there is a 90 ° phase shift between the input and output for 
VM and CM responses, respectively. Figures 15 and 16 demonstrate the Lissajous patterns for VM and 
CM responses, respectively. The circle in Figures 15 and 16 indicates that the input and output signals 
are 90 ° out of phase. The real time performance of the proposed circuit through Monte-Carlo (MC) 
analysis is also evaluated while considering 100 runs variations in capacitor. The histograms of Figures 
17 and 18 demonstrate the MC simulation results with a 15 % Gaussian deviations in capacitor value for 
TAM and VM responses, respectively. According to the simulations, for VM APF, the f0 value of the 
filter is affected in the range of –1.1 to +1.5 %, with a mean value of 1.519 MHz and a standard deviation 
of 8.256 kHz. As a consequence of the analysis results, it is evident that the presented first order APF has 
great sensitivity. The proposed circuit's thermal performance is also examined. Figure 19 shows that as 
the temperature rises from 25 - 115 °C with step size of 10 °C, the pole frequency decreases from 1.51 - 
1.17 MHz. This change is within acceptable range, indicating that the circuit has excellent thermal 
performance. Electronically tunability is another important fundamental feature that has become 
significantly important in terms of managing performance parameters. Figure 20 validates the feature of 
electronic tuning of pole frequency with bias current (IB) variation in the range of 20 - 70 µA.  

 
 

 
 
Figure 13 Time domain waveforms of input and output for VM response at pole frequency. 
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Figure 14 Time domain waveforms of input and output for CM response at pole frequency. 
 

 

 
Figure 15 Lissajous pattern for VM response (Vin vs Vout). 

 

 

 
Figure 16 Lissajous pattern for CM response (Iin vs Iout). 
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Figure 17 MC simulations for TAM response with 15 % deviations in capacitor value. 
 
 

 
Figure 18 MC simulations for VM response with 15 % deviations in capacitor value. 
 

 

 
Figure 19 Pole frequency variations with temperature in the range of 25 - 115 °C. 
 
 



Trends Sci. 2022; 19(13): 4616   15 of 18 

 
Figure 20 Pole frequency variations with bias current variation in the range of 20 - 70 µA. 
 
 

Experimental verification 
The possible realizations using commercially available ICs extend the practicability and feasibility 

aspects of novel ideas to another level. Therefore, possible realization of proposed design using 
commercially available Texas Instruments OTA IC, CA3080 (pin configuration of IC CA3080 is shown 
in Figure 21) is explored and given in Figure 22. The real time experimental set up of  mixed mode APF 
in VM is shown in Figure 23. The circuit is designed at pole frequency of 8.359 kHz with values of 
passive components as R = 19.55 kΩ, C = 1 nF and bias currents, IB1 = IB2 = 7.95 µA. The power supplies 
are taken as ±6 V. The experimental transient response of the presented circuit is shown in Figure 24 that 
again confirms 90 ° phase shift between input and output at pole frequency as expected. 

 
 

 
Figure 21 Pin configuration of commercially available OTA, CA3080. 
 
 

 
Figure 22 Experimental realization of mixed mode APF in VM using commercially OTA IC, CA3080. 
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Figure 23 Experimental setup of mixed mode APF in VM. 
 
 

 
Figure 24 Experimental transient response of Figure 23 at pole frequency. 
 
 
Conclusions 

In this paper, a new structure of first order mixed mode MOS-C APF is presented that can operate in 
all 4 possible mode of operation. Employment of only 1 passive component increases the beauty of the 
proposed design. The presented idea also enjoys a very substantial attribute of electronic tunability. The 
proposed circuit is found to be better in terms of active and passive component count, transistors count, 
load sensitivity, THD, appropriate input and output impedances, use of grounded capacitor, resistorless 
realization, good operating frequency, low power, low voltage and also have flexibility to operate in all 4 
possible modes. The detailed study including possible focus on non-ideal aspects is incorporated to 
exploit real time performance of novel frequency selective structure. The presented theoretical validations 
are confirmed through PSPICE simulation results. In addition, the practicability and feasibility aspects are 
covered by exploring experimental realization of proposed APF using commercially available ICs. The 
presented first order filter may find suitable and useful applications in the various areas of signal 
processing. 
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