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Abstract:  This paper presents a fully differential current conveyor cascaded transconductance amplifier (FD-CCCTA), a modified 

FD-second generation current conveyor (FD-CCII) version. After that, a novel mixed-mode universal filter (UF) is developed employing 

only one FD-CCCTA. It results in all the four modes of UFs, namely current mode (CM), voltage mode (VM), transimpedance mode 

(TIM), and transadmittance mode (TAM). Moreover, this filter topology is extended to two mixed-mode universal shadow filters. The 

first shadow filter topology realizes the VM and CM universal filters. The second mixed-mode universal shadow filter realizes all four 

modes. The proposed shadow filters add flexibility in the orthogonal tuning of filter parameters, 
0
 and Q

0
. Further, the gain of the 

shadow filter can be tuned electronically. Matching constraint is not required in any of the filters. The functional verifications have been 

performed using TSMC 180 nm technology in cadence virtuoso spectre.

Keywords: FD-CCCTA; FD-CCII; mixed-mode; shadow-filter

Univerzalni filter z mešanim načinom uporabe FD-
CCCTA in njegova razširitev kot filter v senci
Izvleček: Članek predstavlja popolnoma diferencialni kaskadni transkondukcijski ojačevalnik (FD-CCCTA), modificirano različico 

tokovnega transporterja FD druge generacije (FD-CCII). Razvit nov univerzalni filter (UF) z mešanim načinom delovanja, ki uporablja 

samo en FD-CCCTA. Rezultat so vsi štirje načini UF, in sicer tokovni način (CM), napetostni način (VM), transimpedančni način (TIM) in 

transadmitančni način (TAM). Poleg tega je ta topologija filtra razširjena na dva univerzalna senčna filtra z mešanim načinom delovanja. 

Prva topologija senčnega filtra izvaja univerzalna filtra VM in CM. Drugi univerzalni filter v senci z mešanim načinom delovanja 

omogoča vse štiri načine delovanja. Predlagani filtri v senci povečujejo fleksibilnost pri ortogonalnem nastavljanju parametrov filtra, 

ω_0 in Q_0. Poleg tega je mogoče elektronsko nastaviti ojačenje filtra v senci. Pri nobenem od filtrov ni potrebna omejitev ujemanja. 

Funkcionalna preverjanja so bila izvedena s 180 nm tehnologijo TSMC v programu cadence virtuoso spectre.
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1 Introduction

Mixed-mode filters with all the responses of current-
mode (CM) (both the input and output as a current), 
voltage- mode (VM) (both the input and output as a 
voltage), transimpedance-mode (TIM) (input as a cur-
rent and output as a voltage), and transadmittance-
mode (TAM) (input as a voltage and output as a cur-
rent) are very much desirable in the analog signal 
processing, communication, and instrumentation [1]. 
At the same time, TAM and TIM filters play a vital role 

in the circuits which intends to connect the current 
mode circuits to the voltage mode circuits and vice-
versa. TAM and TIM avoid the unnecessary circuitry 
requirement during V-I interfacing and the improve-
ment in the effectiveness of the circuit. It concludes 
that the mixed-mode filters with all the four modes 
present in the same topology provide ample flexibility 
for analog circuit design. Few single-input-multiple-
output (SIMO) mixed-mode universal filter topolo-
gies are available in the literature. SIMO [2] has got 
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an advantage over single-input-single-output (SISO), 
multiple-input-multiple-output (MIMO), and multiple 
input single output (MISO) because of the availability 
of all the responses simultaneously. The topology [3] 
uses two fully differential second-generation current 
conveyors (FDCCIIs) with floating passive elements as 
four resistors and two capacitors to realize the UF in VM 
and TIM while multifunction filters in TAM and CM. It 
also requires matching components. Another three CC-
CCTAs based mixed-mode topology [4] provide LP, BP, 
and HP responses in CM and TIM, whereas LP, BP, HP, 
and BR responses in VM, and UF in TAM. In [5], four OTAs 
are used to realize LP, BP, and HP responses in TAM, TIM, 
CM, and LP responses in VM. The topology [6] uses six 
OTAs, one resistor, and two capacitors to realize UF in 
VM and TIM, whereas realizing BP and HP responses in 
TAM and BP, HP, and BR responses in CM. It possesses 
floating passive components and lacks independent 
tuning of filter parameters. Three differential differ-
ence current conveyors (DDCCs), four resistors, and 
two capacitors with matching components and float-
ing passive elements realize UF in VM and TIM while 
LP, BP, and HP in TAM and CM in [7]. In [8], three dual 
voltage current conveyors (DVCCs), six MOSs, and two 
capacitors are used to realize LP, BP, and HP in CM and 
TAM, whereas LP, BP in TIM while LP, BP, and BR in VM 
with matching components requirement and no elec-
tronic tunability. Mixed-mode universal filter reported 
in [9] uses six operational transconductance amplifiers 
(OTAs). The topology [10] requires three four-terminal 
floating nullors (FTFNs), three resistors, and two capaci-
tors to realize the low pass (LP), band pass (BP), and 
high pass (HP) simultaneously in all the modes without 
independent and electronic tuning. In [11], one FDC-
CII, three resistors, and two capacitors realize UF in VM 
and TIM, whereas BP and HP responses in TAM, and BP, 
HP, and, band reject (BR) responses in CM. It possesses 
floating passive elements and does not have an elec-
tronic tunability feature. Simultaneously three respons-
es (LP, BP, and HP) in all the modes are proposed in [12] 
with the use of five multiple-output current-controlled 
conveyors (MCCCIIs) and two capacitors.

Reports of several shadow filters using various building 
blocks are available in the literature. However, among 
them, the majority are either in VM [13-20] or CM [21-
28] and only one topology [29] is of TAM and TIM. To 
the best of the authors’ knowledge, there is no SIMO 
mixed-mode universal shadow filter report. 

The paper aims to present a novel mixed-mode uni-
versal filter employing only one FD-CCCTA. Further, 
this filter topology is extended to a universal shadow 
filter for all four modes to enhance the tunability and 
independent variation of ω and Q and provide tunable 
gains. The proposed circuit exhibits the following ad-

vantages: least number of active building blocks, no 
floating components, the simultaneous realization of 
various responses, no need for component matching 
constraints, and electronic and independent tuning of 
filter parameters, including gains. Moreover, the pro-
posed circuit is the first SIMO mixed-mode universal 
shadow filter to the best of the authors’ knowledge. 

This paper consists of six sections. The introduction is 
given in Section 1, followed by section 2, which de-
tails the active building block FD-CCCTA. Section 3 de-
scribes the proposed circuit configuration, and Section 
4 describes the non-ideality analysis. Section 5 com-
pares the available literature, followed by Section 6, 
which discusses the functional verification. 

2 Fully differential current conveyor 
cascaded transconductance amplifier 
(FD-CCCTA)

FD-CCCTA is a modified version of a fully differential 
second-generation current conveyor (FD-CCII) [30]. The 
symbol of FD-CCCTA is shown in Fig. 1, and its CMOS-
based internal structure is shown in Fig. 2. It consists of 
six input terminals in the form of X as a low impedance 
terminal and Y as a high impedance terminal, while 
four output terminals in the form of Z and O as high 
impedance terminals. FD-CCCTA is designed using FD-
CCII and transconductance amplifier (TA), where TA is 
used in the cascaded form, and therefore O terminal 
can be increased as per the requirement. 

Figure 1: Symbol of FD-CCCTA. 

The port relationships of FD-CCCTA can be expressed 
in matrix form as follows:
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Where gmA1 and gmB1 are the transconductances of the 
transconductance amplifiers (TAs) connected at the ZA 
and ZB, respectively, can be expressed as:
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The aspect ratios used for transistors of Fig. 2 are given 
in Table 1, and the performance parameters of FD-CC-
CTA are shown in Table 2.

Table 1: Aspect ratios of MOS Transistors of Fig. 2.

MOS Transistors W(μm)/L(μm)
M1-6 4.5/0.36
M7, 8, 9, 13 36/0.36
M10, 11, 12, 24 9/0.36
M14, 15, 18, 19, 25, 29, 30, 33, 34 18/0.18
M16, 17, 20, 21, 26, 31, 32, 35, 36 4.5/0.18
M22, 23, 27, 28 0.36/0.36 
M37-44 10.8/0.36

Table 2: Performance parameters of FD-CCCTA.

Performance Parameters Value
Supply Voltage ± 1.2 V
Power Consumption 1.9 mW
Parasitics at Y port (RY, CY) 2.131 MΩ
Parasitics at X port (RX) 38.52 Ω
Parasitics at ZA port (RZA, CZA) 1.22 MΩ, 28 fF
Parasitics at ZB port (RZB, CZB) 4.4 MΩ, 12 fF
Parasitics at O1 port (RO1, CO1) 2.54 MΩ, 3.42 fF
Parasitics at O2 port (RO2, CO2) 2.3 MΩ, 3.24 fF
Linear variation of IZ over IX 380 μA to 500 μA
Linear variation of VX over VY -1.04 V to 1.04 V
Bandwidth of IZ/IX 1.4 GHz
Bandwidth of IO1/IX 73.1 MHz
Bandwidth of IO2/IX 73.1 MHz

It may be noted in the following section that the mixed-
mode filter uses one FD-CCCTA; however, its extended 
shadow filter uses two FD-CCCTAs. Hence to distinguish 
the similar mathematical and non-mathematical sym-
bols concerning both the blocks in the shadow filter, 
superscripts (1) and (2) have been used throughout the 

paper, such as  1
1mAg  and  1

1mBg  for the first FD-CCCTA 

and  2
1mAg  and  2

1mBg  for second FD-CCCTA.

3 Proposed circuit configuration

The mixed-mode universal filter (also called non-shad-
ow filter) is presented in section 3.1, followed by sec-
tion 3.2, wherein two mixed-mode shadow filters are 
discussed.

Figure 2: The CMOS-based internal structure of FD-CCCTA.
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3.1 Mixed-mode universal filter

The proposed mixed-mode universal filter, depicted 
in Fig. 3, consists of one FD-CCCTA, three capacitors, 
and one resistor. The FD-CCCTA being used in the filter 
is shown in Fig. 2 with the introduction of additional 

terminals such as  1
1B cO ,  1

1B ccO , and  1
1B cccO , which are 

copy terminals of the  1
1BO . The  1

2BO  and  1
3BO  are the 

outputs of the other TAs. These TAs are connected in the 
cascaded, such as the input of the first TA is connected 

to the  1
BZ  terminal to get the  1

1BO , the input of the 

second TA is connected to the  1
1BO  terminal to get the 

 1
2BO , and similarly, the  1

3  terminal is obtainedBO

. The  1
1BO  and -  1

2BO  are 180 degrees phase-shifted 

of  1
1BO  and  1

2BO , respectively. At the same time,  1
2B cO  

and  1
2  B cO  are the copies of the  1

2BO  and -  1
2BO , re-

spectively. Similarly,  1
3B cO  and  1

3B ccO  are the copies 

of the  1
3BO , while -  1

3BO  is 180-degree phase-shifted 

to  1
3BO . Thus, for obtaining the transfer functions in 

all four modes, such as VM, CM, TAM, and TIM, two in-
put currents, Iin1 = Iin2 = Iin, are used, and a resistor (Rin) is 
used for TAM and TIM. 

Figure 3: Proposed mixed-mode universal filter.

The routine analysis of the circuit in Fig. 3 results in the 
following transfers functions:

Voltage Mode (VM) [with I
in1 

= I
in2 

= 0, R
in 

=   (i.e. 

Removed)]:

 � � � �

� �
1 1

1 1mA mBLP

in

g gV
V D s
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 � �

� �
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sC gV
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1 3HP
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The addition of -VHP and VLP results in VBR, while the ad-
dition of -VHP, VBP, and VLP results in the VAP using another 
voltage summer (not shown).
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Transimpedance Mode (TIM) [with V
in

 = 0, I
in2

 = 0]:
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The addition of -VHP and VLP results in VBR, while the ad-
dition of -VHP, VBP, and VLP results in the VAP using another 
voltage summer (not shown) as follows:
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Where,

 � � � � � � � �1 1 12

1 3 3 1 1 1mB mA mBD s s C C sC g g g� � �                  (13)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:
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The sensitivity analysis of ωo, Qo and BW using (14) re-
sults in:
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Current Mode (CM) [with V
in

 = 0, I
in1

 = 0, R
in

 = 0]:
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Transadmittance Mode (TAM) [with I
in1

 = 0]:
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Where,
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1 2 2 2 2 3mB mB mBD s s C C sC g g g� � �                  (25)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � � � �

� �

1 1 1

2 3 1 3

1

1 2 2 2

 ,       mB mB mB
o o

mB

g g C gQ
C C C g

� � �

 � �1

2

1

 mBgand BW
C

�

                 (26)

The sensitivity analysis of ωo, Qo and BW using (26) re-
sults in:
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The above equation indicates that the ωo, Qo, and BW 
are electronically tunable by bias currents because of 

 1
2mBg  and  1

3mBg . Sensitivity of the parameters of eqn. 
(26) are found within the unity.

3.2 Mixed-mode shadow Filter 

Shadow filter also known as frequency agile filter, a 
recently introduced filters is shown in Fig. 4 [31]. The 
inclusion of an additional external amplifier in the feed-
back of the basic filter gives the structure of shadow 
filter. The introduction of gain (A) of this external ampli-
fier in the filter parameters improves the tunability and 
eases in frequency agility in comparison of the conven-
tional tuning technique.

Figure 4: Scheme of the shadow filter [31].

In line with Fig. 4, block diagram for the implementa-
tion of mixed-mode shadow filter is shown in Fig. 5. 
Combination of voltage and current signals at the in-
put as well as at the output form all the modes such 
as VM, CM, TIM, and TAM. Two amplifiers with gains A1 
and A2 multiplied with the VAP and IBP are fed-back to 
the voltage and current input signals, respectively. 

In this section, two topologies are proposed for mixed-
mode shadow filters using basic mixed mode UF of Fig. 
3. The first topology realizes VM and CM universal fil-
ters, and the second topology realizes all four modes of 
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mixed-mode filters. Both the topologies have been im-
plemented on the basis of the structure shown in Fig. 5.

3.2.1 First shadow filter (VM and CM)
The proposed shadow filter in the VM and CM, as shown 
in Fig. 6, consists of the above mixed-mode universal 
filter of Fig. 3 along with a second FD-CCCTA block and 
two variable resistors (R1 & R2) consisting of MOSs. VBP 

is given to  2
2Y  and  2

4Y  terminals for the sake of the 

VM shadow filter, and IBP is given to the  2
AX  terminal 

for the CM shadow filter. The second FD-CCCTA in Fig. 6 
aims to create two amplifiers, A1 and A2, in the feedback 
loop [32] of the previous mixed-mode filter (Fig. 3) to 
obtain the VM and CM shadow filters. By routine analy-
sis of Fig. 6, it is shown in eqn. (38) that

 � �2

1 1mBA g R�  and   � �2

2 2mAA g R�

The value of MOS resistors can be adjusted with their 
respective bias voltages, VC1 and VC2 [33]. The equation 
for the resistance is:

 
� �2 ox Ci T

LR
µC W V V

�
	                   (27)

Where L and W are the channel length and channel 
width,  is the effective mobility, C0X is the gate oxide 
capacitance, and VT is the threshold voltage of the MOS 
transistor.

The routine analysis of the circuit Fig. 6 results in the 
following transfer function:

The port relationships of FD-CCCTA suggests:

 
1 2 3XA Y Y YV V V V� 	 �

 
1 2 4 XB Y Y YandV V V V� 	 � �

                   (28)

Therefore for FD-CCCTA-1, we get: 

 � �1

XA BPV V�                    (29)

 � �1

2HP BP Y LPV V V V� 	 � �                  (30)

While for FD-CCCTA-2 we get:

 � � � �2 2

3XA AP BP YV V V V� 	 �                    (31)

 2in AP BPV V V� 	 �                   (32)

Again, the port relationships of FD-CCCTA-1 results:

 � � � � � � � �1 1 1 1

1 1 1 1   OA mA ZA OB mB ZBI g V and I g V� �                  (33)

Which corresponds to:

 � � � �1 1

3 1 1 1 LP mA BP BP mB HPV sC g V and V sC g V� 	 �          (34)

Another port relationships of FD-CCCTA-1 results:

 � � � � � � � �1 1 1 1

2 2 1 3 3 2   OB mB OB OB mB OBI g V and I g V� �                   (35)

Which corresponds:

 � � � �1 1

2 3

1 2

    HP BP
BP mB LP mB

I II g and I g
sC sC

� 	 �                  (36)

Whereas, port relationships of FD-CCCTA-2 results:

 � � � � � � � �2 2 2 2
   OA mA ZA OB mB ZBI g V and I g V	 � 	 �                  (37)

Hence, (35) results:

Figure 5: Block diagram for the implementation of 
mixed-mode shadow filter.

Figure 6: Proposed first shadow filter.
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� �
� �

2
2 2 23

2

1

  YOA mA BP mB AP
VI g R I and g V
R	 � 	 �                 (38)

It can be written as:

 � � � �2 2

2 3 1  OA BP Y API A I andV AV	 � 	 �                   (39)

Where  � �2

1 1mBA g R�  and  � �2

2 2  mAA g R�                 (40)

Eqn. (31) can be rewritten after substituting the value 
of 

 2
3YV from (39) as

 � � � �2

11XA AP BPV V A V� � 	                  (41)

Now, (28) can be rewritten as:

 � �2

HP BP XA LPV V V V� 	 � �                   (42)

Therefore,

 � �11HP BP AP BP LPV V V A V V� 	 � � 	 �                 (43)

Substituting the value of APV  from eqn. (32) into eqn. 
(43) gives:

 � �1 11 2in HP BP LPV A V V A V� � 	 � �                  (44)

Whereas for the current mode (CM), the expression of 
currents at node N is given as: 

 � �21in HP BP LPI I I A I� 	 � � �                   (45)

Now the voltage mode transfer functions are obtained 
by using eqn. (34) and eqn. (44) while, current mode 
transfer functions are obtained by using eqn. (36) and 
eqn. (45) as follows:

Voltage mode [with Iin = 0]:  

 � � � � � �
� �

1 1

1 1 11mA mBLP

in

g g AV
V D s

�
�                  (46)

 � � � �
� �

1

3 1 11mBBP

in

sC g AV
V D s

�
�                  (47)

 � �
� �

2

1 3 11HP

in

s C C AV
V D s

�
� 	                  (48)

 � � � � � �� �
� �

1 1 12

1 3 3 1 1 12 mB mA mBAP

in

s C C sC g g gV
V D s

	 �
� 	           (49)

By the addition of -VHP and VLP results into VBR using volt-
age summer.

 � � � �� �� �
� �

1 12

1 3 1 1 11mA mBBR

in

s C C g g AV
V D s

� �
�                 (50)

Where, 

 

 � �2

1 1  mBA g R�
 � � � � � � � �1 1 12

1 3 1 3 1 1 12 mB mA mBD s s C C A sC g g g� � �
            (51)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � � � �

� �

1 1 1

1 1 1 1

1

1 3 1 3 1

1
 ,       

2

mA mB mA
o o

mB

g g C gQ
C C A C g

� � �

 � �1

1
1

1

 2 mBgand BW A
C

�

         (52)

Considering 1 3C C , eqn. (52) gives:

 � � � � � �

� �

1 1 1

1 1 1

1

1 1

1
 ,       

2

mA mB mA
o o

mB

g g gQ
C A g

� � �

 � �1

1
1 2 mBgand BW A
C

�

               (53)

The gain of the filter can be expressed as:

 

 
� � � �1

1

1

1
1 , , 

2
LP HP BR BP

A
A A A A A

A
�

� � � � �

 

1

1
  APA A

�
    (54)

The sensitivity analysis of ωo, Qo and BW using (52) re-
sults in:
 

� � � �1 1
1 3

1 1

1 1
, ,

2 2
o o o o

mA mB
C Cg g

S S S S� � � �� � � � 	

 
� � � �1 1

1 3
1 1

1 1
 , ,

2 2
o o o o

mA mB

Q Q Q Q
C Cg g

S S S S� � � � 	

 
� �2

1
 o o

mB

Q Q
Rg

S S� � 	

 
� � � �1 2

1 1
1

1, 1, 1
mBmB

BW BW BW BW
C Rg g

S S S S� � 	 � �

The above eqn. (53) indicates that the ωo, Qo, and BW 
are electronically tunable by bias currents because of 
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 1
1mAg , and  1

1mBg , and ωo is independently tunable by C, 

while Qo is independently tunable by gain 1A , i.e.,  2
mBg  

as well as R1. Also, the tuning of gain is obtained by 1A .

Current mode [with Vin = 0]: 

 � � � �

� �
1 1

2 3mB mBLP

in

g gI
I D s

�                   (55)

 � �

� �
1

2 2mBBP

in

sC gI
I D s

�                   (56)

 

� �
2

1 2HP

in

I s C C
I D s

� 	                   (57)

 � � � �

� �
1 12

1 2 2 3mB mBBR

in

s C C g gI
I D s

�
�                   (58)

 � � � � � �� �
� �

1 1 12

1 2 2 2 2 3mB mB mBAP

in

s C C sC g g gI
I D s

	 �
�                (59)

Where,

 

 � � � � � � � � � �1 1 12

1 2 2 2 2 2 31  mB mB mBD s s C C A sC g g g� � � �

 � �2

2 2 mAand A g R�
    (60)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:
 

 

 � � � �

� �
� �

� �

1 1 1

2 3 1 3

1

1 2 2 2 2

1
 ,      

1

mB mB mB
o o

mB

g g C gQ
C C A C g

� � �
�

 
� �

� �1

2
2

1

  1 mBgand BW A
C

� �

      (61)

Considering, 1 2C C , eqn. (61) gives:
 

  

� � � �

� �
� �

� �

1 1 1

2 3 3

1

2 2

1
,       

1

mB mB mB
o o

mB

g g gQ
C A g

� � �
�

 
� �

� �1

2
2 1 mBgand BW A
C

� �

     (62)

The sensitivity analysis of ωo, Qo and BW using (61) re-
sults in:
 

� � � �1 1
1 2

2 3

1 1
, ,

2 2
o o o o

mB mB
C Cg g

S S S S� � � �� � � � 	

 
� � � �1 1

1 2
3 2

1 1
 , ,

2 2
o o o o

mB mB

Q Q Q Q
C Cg g

S S S S� � � � 	

 
� �2

2

2

2

A
 

1 A
o o

mA

Q Q
Rg

S S� � 	
�

 
� � � �1 2

1 2
2

2

2

A
1, 1,   

1 AmB mA

BW BW BW BW
C Rg g

S S S S� � 	 � �
�

The above equation indicates that the ωo, Qo, and BW 
are electronically tunable by bias currents because of 

 1
2mBg , and  1

3mBg , and ωo is independently tunable by 

C, while Qo is independently tunable by gain 2A , i.e., 

 2
mAg  as well as R2. Sensitivity analysis of all the param-

eters resulted within the unity.

3.2.2 Second shadow filter (all four modes)
The second shadow filter shown in Fig. 7 realizes all the 
modes, such as VM, CM, TAM, and TIM. This circuit is a 
slight alteration of Fig. 6 with the addition of one input 
resistor (Rin) and one more input current such that Iin1 
= Iin2 = Iin.

Figure 7: Proposed second mixed mode shadow filter.

The routine analysis of the circuit Fig. 7 in line with Fig. 
6 results in the following transfer functions for VM, CM, 
TIM, and TAM:

Voltage mode (VM) [with I
in1

 = I
in2

 = 0, R
in

=   (Re-

moved)]:

 � � � � � �
� �

1 1

1 1 11mA mBLP

in

g g AV
V D s

	
� 	                   (63)
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 � � � �
� �

1

3 1 11mBBP

in

sC g AV
V D s

	
�                  (64)

 � �
� �

2

1 3 11HP

in

s C C AV
V D s

	
�                   (65)

 � � � � � �� �
� �

1 1 12

1 3 3 1 1 1mB mA mBAP

in

s C C sC g g gV
V D s

	 �
� 	              (66)

By the addition of VHP and -VLP results into VBR using volt-
age summer.

 � � � �� �� �
� �

1 12

1 3 1 1 11mA mBBR

in

s C C g g AV
V D s

� 	
�                  (67)

Transimpedance mode (TIM) [with V
in

 = 0, I
in2

 = 0]:

 � � � � � �
� �

1 1

1 1 11mA mB inLP

in

g g R AV
I D s

	
� 	                  (68)

 � � � �
� �

1

3 1 11mB inBP

in

sC g R AV
I D s

	
�                  (69)

 � �
� �

2

1 3 11inHP

in

s C C R AV
I D s

	
�                  (70)

 � � � � � �� �
� �

1 1 12

1 3 3 1 1 1mB mA mB inAP

in

s C C sC g g g RV
I D s

	 �
� 	       (71)

By the addition of VHP and -VLP results into VBR using volt-
age summer.

 � � � �� � � �
� �

1 12

1 3 1 1 11mA mB inBR

in

s C C g g R AV
I D s

� 	
�                (72)

Where, 

 
 � � � � � � � � � �1 1 12

1 3 1 3 1 1 12 1 mB mA mBD s s C C A sC g g g� � 	 �

 � �2

1 1 mBand A g R�
   (73)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �

� �
� �

� �

1 1 1

1 1 1 1

1

1 3 1 3 1

1
 ,       

2 1

mA mB mA
o o

mB

g g C gQ
C C A C g

� � �
	

 
� �

� �1

1
1

1

 2 1 mBgand BW A
C

� 	

   (74)

Considering, 1 3C C , eqn. (74) gives:

 

 

 � � � �

� �
� �

� �

1 1 1

1 1 1

1

1 1

1
 ,       

2 1

mA mB mA
o o

mB

g g gQ
C A g

� � �
	

 
� �

� �1

1
1 2 1 mBgand BW A
C

� 	

     (75)

The gain of the filter can be expressed as:

 

 
� � � �

� �
1

1

1

1
1 , ,  

2 1
LP HP BR BP

A
A A A A A

A
	

� � � 	 �
	

 

� �1

1
    

2 1
APand A

A
�

	

    (76)

The sensitivity analysis of ωo, Qo and BW using (74) re-
sults in:
 

� � � �1 1
1 3

1 1

1 1
, ,

2 2
o o o o

mA mB
C Cg g

S S S S� � � �� � � � 	

 
� � � �1 1

1 3
1 1

1 1
 , ,

2 2
o o o o

mA mB

Q Q Q Q
C Cg g

S S S S� � � � 	

 
� �2

1

1

1

A
 

1 A
o o

mB

Q Q
Rg

S S� � 	
	

 
� � � �1 2

1 1
1

1

1

A
1, 1, 

1 AmBmB

BW BW BW BW
C Rg g

S S S S� � 	 � �
	

The (73) indicates that the ωo, Qo, and BW are elec-

tronically tunable by bias currents because of  1
1mAg  

and  1
1mBg . Moreover, ωo is independently tunable by 

C, while Qo is independently tunable by gain 1A , i.e., 

 2
mBg  and R1. Also, the VM and TIM shadow filter’s gain 

is tunable by 1A as indicated in (74).

Current mode (CM) [with V
in

 = 0, I
in1

 = 0, R
in

 = 0]:

 � � � �

� �
1 1

2 3mB mBLP

in

g gI
I D s

�                   (77)

 � �

� �
1

2 2mBBP

in

sC gI
I D s

�                   (78)

 

� �
2

1 2HP

in

I s C C
I D s

�                    (79)

 � � � �

� �
1 12

1 2 2 3mB mBBR

in

s C C g gI
I D s

�
�                  (80)
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 � � � � � �� �
� �

1 1 12

1 2 2 2 2 3mB mB mBAP

in

s C C sC g g gI
I D s

	 �
�                (81)

Transadmittance mode (TAM) [with I
in1

 = 0]:

 � � � �

� �
1 1

2 3

*

mB mBLP

in in

g gI
V D s R

�                   (82)

 � �

� �
1

2 2

*

mBBP

in in

sC gI
V D s R

�                   (83)

 

� �
2

1 2

*

HP

in in

I s C C
V D s R

�                   (84)

 � � � �

� �
1 12

1 2 2 3

*

mB mBBR

in in

s C C g gI
V D s R

�
�                  (85)

 � � � � � �� �
� �

1 1 12

1 2 2 2 2 3

*

mB mB mBAP

in in

s C C sC g g gI
V D s R

	 �
�                (86)

Where,

 � � � � � � � � � �1 1 12

1 2 2 2 2 2 31  mB mB mBD s s C C A sC g g g� � � �
 � �2

2 2 mAand A g R�
   (87)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �

� �
� �

� �

1 1 1

2 3 1 3

1

1 2 2 2 2

1
 ,     

1

mB mB mB
o o

mB

g g C gQ
C C A C g

� � �
�

 
� �

� �1

2
2

1

 1 mBgand BW A
C

� �

     (88)

Considering, 1 2C C , eqn. (88) gives:

 

 � � � �

� �
� �

� �

1 1 1

2 3 3

1

2 2

1
 ,    

1

mB mB mB
o o

mB

g g gQ
C A g

� � �
�

 
� �

� �1

2
2 1 mBgand BW A
C

� �

        (89)

The sensitivity analysis of ωo, Qo and BW using (88) re-
sults in:
 

� � � �1 1
1 2

2 3

1 1
, ,

2 2
o o o o

mB mB
C Cg g

S S S S� � � �� � � � 	

 
� � � �1 1

1 2
3 2

1 1
 , ,

2 2
o o o o

mB mB

Q Q Q Q
C Cg g

S S S S� � � � 	

 
� �2

2

2

2

A
 

1 A
o o

mA

Q Q
Rg

S S� � 	
�

 
� � � �1 2

1 2
2

2

2

A
1, 1, 

1 AmB mA

BW BW BW BW
C Rg g

S S S S� � 	 � �
�

The equation (89) indicates that the ωo, Qo, and BW 
are electronically tunable by bias currents because of 

 1
2mBg  and  1

3mBg . Moreover, ωo is independently tun-
able by C, while Qo is independently tunable by gain 

2A , i.e.,  2
mAg  and R2. Sensitivity analysis of all the pa-

rameters results within the unity magnitude.

4 Non-ideality analysis

Non-ideal transfer gains and active building block 
parasitics will have an impact practically. Sections 4.1 
discusses the effect due to non-ideal transfer gains. 
and section 4.2 discusses the effect due to parasitics of 
FD-CCCTA.

4.1 Non-ideal transfer gain of FD-CCCTA

The port relationship is modified as follows when tak-
ing into account the non-idealities of the voltage, cur-
rent, and transconductance gains of FD-CCCTA:

 

1

2

3

4

1

1

Y

Y

Y

Y

XA

XB

ZA

ZB

OA

OB

I
I
I
I
V
V
I
I
I
I

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �� �

1 2 3

1 2 3

1 1

1 1

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

a a a

b b b

a

b

a mA

b mB

g
g

� � �
� � �

�
�

�
�

� �
� �
� �
� �
� �
� �
� �	

� � �
	� �
� �
� �
� �
� �
� �
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1

2

3

4

1

1

Y

Y

Y

Y

XA

XB

ZA

ZB

OA

OB

V
V
V
V
I
I
V
V
V
V

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �� �

   (90)

Where ai  (i=1,2,3) is the voltage transfer gain be-

tween Y(i) and XA terminals, bi  (i=1,2,3) is the volt-

age transfer gain between Y(i) and XB terminals,  is 
the current transfer gain between IZA and IXA terminals, 

b  is the current transfer gain between IZB and IXB ter-

minals, 1a  is the transconductance gain between IOA1 

and  VOA1, and 1b  is the transconductance gain be-
tween IOB1  and VOB1. These gain factors are found unity 
ideally but they deviate slightly from unity practically. 
The transfer functions of Fig. 3 after considering the 
non-idealities are obtained as follows:
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Voltage Mode (VM):

 � � � �

� �
1 1

1 1 1 2 1 1 mA mB a b a bLP

in

g gV
V D s

� � � �
� 	                  (91)

 � �

� �
1

3 1 2 1mB b BBP

in

sC gV
V D s

� �
�                   (92)

 

� �
2

1 3 2bHP

in

s C CV
V D s

�
�                   (93)

 

 � � � �� �
� �

1 12

1 3 2 1 1 1 2 1 1b mA mB a b a bBR

in

s C C g gV
V D s

� � � � ��
� 	       (94)

 � �

� � � �

� �

12

1 3 2 3 1 2 1

1 1

1 1 1 2 1 1

b mB b B

mA mB a b a bAP

in

s C C sC g

g gV
V D s

� � �

� � � �


 �	
� 
� 
�� �� 	

               (95)

Transimpedance Mode (TIM):

 � � � �

� �
1 1

1 1 1 2 1 1mA mB a b a b inLP

in

g g RV
I D s

� � � �
� 	                 (96)

 � �

� �
1

3 1 2 1mB b b inBP

in

sC g RV
I D s

� �
�                   (97)

 

� �
2

1 3 2b inHP

in

s C C RV
I D s

�
�                   (98)

 

� � � �

� �

2

1 3 2

1 1

1 1 1 2 1 1

b
in

mA mB a b a bBR

in

s C C
R

g gV
I D s

�

� � � �


 �
� 
� 
�� �� 	

                (99)

 � �

� � � �

� �

12

1 3 2 3 1 2 1

1 1

1 1 1 2 1 1

b mB b b
in

mA mB a b a bAP

in

s C C sC g
R

g gV
I D s

� � �

� � � �


 �	
� 
� 
�� �� 	

     (100)

Where,

 � � � �12

1 3 3 1 1 1mB a bD s s C C sC g � �� �

 � � � �1 1

1 1 1 2 1 1 mA mB a b a bg g � � � ��
                (101)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � � � �

� �

1 1 1

1 1 1 2 1 1 1 1 2 1

1

1 3 3 1 1 1

,   mA mB a b a b mA b a
o o

mB a b

g g C gQ
C C C g
� � � � � �

�
� �

� �

 � �1

1 1 1

1

 mB a bgand BW
C
� �

�

    (102)

Current Mode (CM):

 � � � �

� �
1 1

2 3 2 3mB mB b bLP

in

g gI
I D s

� �
�                 (103)

 � �

� �
1

2 2 2mB bBP

in

sC gI
I D s

�
�                   (104)

 

� �
2

1 2HP

in

I s C C
I D s

�                    (105)

 � � � �

� �
1 12

1 2 2 3 2 3mB mB b bBR

in

s C C g gI
I D s

� ��
�               (106)

 � �

� � � �

� �

12

1 2 2 2 2

1 1

2 3 2 3

mB b

mB mB b bAP

in

s C C sC g

g gI
I D s

�

� �

	

�
�

              (107)

Transadmittance Mode (TAM) [with I
in1

 = 0]:

 � � � �

� �
1 1

2 3 2 3mB mB b bLP

in in

g gI
V D s R

� �
�                   (108)

 � �

� �
1

2 2 2mB bBP

in in

sC gI
V D s R

�
�                   (109)

 

� �
2

1 2HP

in in

I s C C
V D s R

�                   (110)

 � � � �

� �
1 12

1 2 2 3 2 3mB mB b bBR

in in

s C C g gI
V D s R

� ��
�               (111)

 � �

� � � �

� �

12

1 2 2 2 2

1 1

2 3 2 3

mB b

mB mB b bAP

in in

s C C sC g

g gI
V D s R

�

� �

	

�
�

               (112)

Where,

 � � � � � � � �1 1 12

1 2 2 2 2 2 3 2 3mB b mB mB b bD s s C C sC g g g� � �� � �     (113)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � � � �

� �

1 1 1

2 3 2 3 1 3 3

1

1 2 3 2 2

 ,       mB mB b b mB b
o o

mB b

g g C gQ
C C C g

� � ��
�

� �

 � �1

2 2

1

 mB bgand BW
C
�

�

 (114)

The transfer functions of Fig. 6 after considering non-
idealities result:
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Voltage mode:  

 � � � � � �
� �

1

1 1

1 1 1 1 3 1 1 2 1 1bmA mB a a b a b a bLP

in

g g AV
V D s

�� � � � � � ��
�    (115)

 

 � � � �
� �

1

3 1 2 1 1 1 3 1 1mB b B a a b bBP

in

sC g AV
V D s

� � � � � ��
�        (116)

 � �
� �

1

2

1 3 2 1 1 3 1 bb a a bHP

in

s C C AV
V D s

�� � � ��
� 	              (117)

 � �

� � � �

� �

12

1 3 2 3 1 2 1

1 1

1 1 1 2 1 1

b mB b B

mA mB a b a bAP

in

s C C sC g

g gV
V D s

� � �

� � � �


 �	
� 
� 
�� �� 	

            (118)

 

 

� � � �

� �
1

2

11 3 2

1 1
1 3 11 1 1 2 1 1 b

ab

a bmA mB a b a bBR

in

s C C
Ag gV

V D s
�

��
� �� � � �


 �
 �
� 
� 
� 
 �� � �� ��

       (119)

 � � � �12 2

1 3 1 3 1 1 1 1(b mB a b bD s s C C sC g� � � �� � 	
 2

1 2 3 1 3 2 3 1 a b b a b a b b� � � � � � � �� � 	
 

3 2 1 1 3 3 1 1 )a b b a b bA A� � � � � �� �
 � � � �1 1

1 1 1 2 1 1 mA mB a b a bg g � � � ��

        (120)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �1 1

1 1 1 2 1 1

1 3 1

 ,  mA mB a b a b
o

b

g g
C C
� � � ��
�

�

 � �

� �

1

1 1 2 1

2 1
1 1 2 3 3 1 1 1 1

2

1 3 2 3 1

3 2 1 1

3 3 1 1

1
 

(

)

mA b a
o

b a b b mB a b b

a b a b b

a b b

a b b

C gQ
C g

A
A

� �
� � � � � � �

� � � � �
� � �
� � �

�
	 �

� 	
�
�

 � �1 2

1 1 1 1 1 2 3

2

1 3 2 3 1

3 2 1 1 3 3 1 1

1 1

(

)
 

mB a b b a b b

a b a b b

a b b a b b

b

g

A Aand BW
C

� � � � � �
� � � � �

� � � � � �
�

	 �
� 	

� �
�

    (121)

Current mode: 

 � � � �

� �
1 1

2 3 2 3mB mB b bLP

in

g gI
I D s

� �
�                   (122)

 � �

� �
1

2 2 2mB bBP

in

sC gI
I D s

�
�                   (123)

 

� �
2

1 2HP

in

I s C C
I D s

� 	                   (124)

 � � � �

� �
1 12

1 2 2 3 2 3mB mB b bBR

in

s C C g gI
I D s

� ��
�              (125)

 � � � � � �� �
� �

1 1 12

1 2 2 2 2 2 3 2 3mB b mB mB b bAP

in

s C C sC g g gI
I D s

� � �	 �
�       (126)

Where,

 � � � � � �12

1 2 2 1 2 2 21 a a mB bD s s C C A sC g� � �� � �
 � � � �1 1

2 3 2 3 mB mB b bg g � ��
   (127)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �1 1

2 3 2 3

1 2

 ,mB mB b b
o

g g
C C

� �� �

 

� �
� �

� �

1

1 3 3

1

2 1 2 2 2

1
  

1

mB b
o

a a mB b

C gQ
A C g

�
� � �

�
�

 
� �

� �1

2 2
2 1

1

  1 mB b
a a

gand BW A
C
�� �� �

              (128)

The transfer function of Fig. 7 after considering the 
non-idealities are obtained as:

Voltage mode (VM):

 

 
� � � �

� �
1

11 1

1 1 1 2 1 1

1 3 1 b

a
mA mB a b a b

a bLP

in

g g
AV

V D s
�

�
� � � �

� �

 �
� 
	� �� 	

   (129)

 
 � � � �

� �
1

1

3 1 2 1 1 1 3 1 bmB b B a a bBP

in

sC g AV
V D s

�� � � � �	
�        (130)

 � �
� �

1

2

1 3 2 1 1 3 1 bb a a bHP

in

s C C AV
V D s

�� � � �	
�                (131)

 

 � �

� � � �

� �

12

1 3 2 3 1 2 1

1 1

1 1 1 2 1 1

b mB b B

mA mB a b a bAP

in

s C C sC g

g gV
V D s

� � �

� � � �


 �	
� 
� 
�� �� 	

            (132)

 

 

� � � �

� �
1

2

11 3 2

1 1
1 3 11 1 1 2 1 1 b

ab

a bmA mB a b a bBR

in

s C C
Ag gV

V D s
�

��
� �� � � �


 �
 �
� 
� 
� 
 	� � �� ��

      (133)
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Transimpedance mode (TIM):

 

 
� � � �

� �
1

11 1

1 1 1 2 1 1

1 3 1 b

a
mA mB in a b a b

a bLP

in

g g R
AV

I D s
�

�
� � � �

� �

 �
� 
	� �� 	          (134)

 

 � � � �
� �

1

1

3 1 2 1 1 1 3 1 bmB in b B a a bBP

in

sC g R AV
I D s

�� � � � �	
�   (135)

 � �
� �

1

2

1 3 2 1 1 3 1 bin b a a bHP

in

s C C R AV
I D s

�� � � �	
�            (136)

 

 � �

� � � �

� �

12

1 3 2 3 1 2 1

1 1

1 1 1 2 1 1

b mB b B
in

mA mB a b a bAP

in

s C C sC g
R

g gV
I D s

� � �

� � � �


 �	
� 
� 
�� �� 	

     (137)

 

 

� � � �

� �
1

2

11 3 2

1 1
1 3 11 1 1 2 1 1 b

ab
in

a bmA mB a b a bBR

in

s C C
R

Ag gV
I D s

�

��
� �� � � �


 �
 �
� 
� 
� 
 	� � �� ��

      (138)

Where, 

 

 � � 2

1 3D s s C C�
 

� �1 2

3 1 1 1

3 2 1 1 3 3 1 1

1
 

a
mB a b

a b b a b b

sC g
A A
�

� �
� � � � � �

�
 �
� � 
	 	� �
 � � � �1 1

1 1 1 2 1 1 mA mB a b a bg g � � � ��

   (139)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �1 1

1 1 1 2 1 1

1 3

 , mA mB a b a b
o

g g
C C
� � � �

� �

 � �

� �

1

1 1 2 1

1
2 3 1 1 1 1

3 2 1 1 3 3 1 1

1
  

1
mA b a

o
a mB a b b

a b b a b b

C gQ
C g

A A

� �
� � � �

� � � � � �

�
�

	 	

 � �1
2 1

1 1

3 2 1 1 3 3 1 1 1

1 a mB
a b

a b b a b b

gBW
A A C
�

� �
� � � � � �

�
 �
� � 
	 	� �

   (140)

Current mode (CM):

 � � � �

� �
1 1

2 3 2 3mB mB b bLP

in

g gI
I D s

� �
�                   (141)

 � �

� �
1

2 2 2mB bBP

in

sC gI
I D s

�
�                   (142)

 

� �
2

1 2HP

in

I s C C
I D s

�                    (143)

 � � � �

� �
1 12

1 2 2 3 2 3mB mB b bBR

in

s C C g gI
I D s

� ��
�               (144)

 

 � � � � � �� �
� �

1 1 12

1 2 2 2 2 2 3 2 3mB b mB mB b bAP

in

s C C sC g g gI
I D s

� � �	 �
�     (145)

Transadmittance mode (TAM) [with I
in1

 = 0]:

 � � � �

� �
1 1

2 3 2 3

*

mB mB b bLP

in in

g gI
V D s R

� �
�                   (146)

 � �

� �
1

2 2 2

*

mB bBP

in in

sC gI
V D s R

�
�                   (147)

 

� �
2

1 2

*

HP

in in

I s C C
V D s R

�                   (148)

 � � � �

� �
1 12

1 2 2 3 2 3

*

mB mB b bBR

in in

s C C g gI
V D s R

� ��
�               (149)

 

 � � � � � �� �
� �

1 1 12

1 2 2 2 2 2 3 2 3

*

mB b mB mB b bAP

in in

s C C sC g g gI
V D s R

� � �	 �
�     (150)

Where,

 

 � � � � � �12

1 2 2 1 2 2 21 a a mB bD s s C C A sC g� � �� � �
 � � � �1 1

2 3 2 3 mB mB b bg g � ��     (151)

The pole frequency (ωo), quality factor (Qo) and band-
width (BW) are:

 

 � � � �1 1

2 3 2 3

1 2

 ,mB mB b b
o

g g
C C

� �� �

 

� �
� �

� �

1

1 3 3

1

2 1 2 2 2

1
  

1

mB b
o

a a mB b

C gQ
A C g

�
� � �

�
�

 
� �

� �1

2 2
2 1

1

  1 mB b
a a

gand BW A
C
�� �� �

              (152)

The effects caused due to non-idealities can be easily 
observed from the above eqns. (102, 114, 121, 128, 140, 
152). However, if transfer gains are close to unity, which 
is normally the case, then these equations may revert 
into the ideal forms.

4.2 Effects of parasitics

The non-ideal equivalent circuit of FD-CCCTA is shown 
in Fig. 8. Series resistance at XA and XB terminals are of 

low value. 1 1( || )Y YC R , 2 2( || )Y YC R , 3 3( || )Y YC R , 
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4 4( || )Y YC R ,  are at Y1, Y2, Y3, and Y4 terminals, respec-

t i v e l y while  ( | | )ZA ZAC R , ( || )ZB ZBC R , 

1 1( || )OA OAC R , 1 1( || )OB OBC R , are at ZA, ZB, OA1, and 

OB1 terminals. The values of 1YR , 2YR , 3YR , 4YR , ZAR

, ZBR , 1OAR , 1OBR  are high whereas 1YC , 2YC , 3YC , 

4YC , ZAC , ZBC , 1OAC , 1OBC  are low. 

Figure 8: Non-ideal equivalent circuit of FD-CCCTA.

The non-ideal circuit of proposed mixed-mode filter is 
shown in Fig. 9 where impedances are:

 

 � � � �� �1 1,

1 1 1 1Y OBZ C R R�  � �1,

2 2 2( || )OBZ C R�,

 � � � �� �1 1,

3 3 4 1Y OAZ C R R�  � � � �1 1

4 ( || ), ZB ZBZ C R�,

 � � � �1 1

5 ( || )ZA ZAZ C R�

 � � � � � � � �� �1 1 1 1

2 3 2 3in Y Y Y Y inZ C C R R R�

Where, 

, � � � �1 1,

1 1 1 1OB YC C C C� � �  � �1,

2 2 2OBC C C� � ,
 � � � �1 1,

3 3 1 4OA YC C C C� � �
The routine analysis of Fig. 9 results in:

Voltage Mode (VM):

 � � � �

� �
1 1

1 1mA mBLP

in

g gV
V D s

� 	                (153)

 
� �

� �

1,

3 1

4 1

1 1
mB

Y OABP

in

sC g
R RV

V D s


 �
� �� 


� ��
               (154)

 

� �

, ,

1 3

1 B1 4 1

1 1 1 1

Y O Y OAHP

in

sC sC
R R R RV

V D s


 �
 �
� � � �� 
� 


� �� ��
        (155)

 

� � � �

� �

, ,

1 3

1 B1 4 1

1 1

1 1

1 1 1 1

Y O Y OA

mA mBBR

in

sC sC
R R R R

g gV
V D s


 �
 �
 �
� � � �� 
� 
� 


� �� �� 

� 
�� �� 	

     (156)

 

� �

� � � �

� �

,

1

1 B1

,

3

4 1

1,

3 1

4 1

1 1

1 1

1 1

1 1

1 1

Y O

Y OA

mB
Y OA

mA mBAP

in

sC
R R

sC
R R

sC g
R R

g gV
V D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � 	� 
� 
� �
� 


 �� 
� �� 
� 

� �� 

� 
�� �� 	

                (157)

Transimpedance Mode (TIM):

 � � � �

� �
1 1

1 1mA mB inLP

in

g g RV
I D s

� 	                   (158)

 � �

� �

1,

3 1

4 1

1 1
mB in

Y OABP

in

sC g R
R RV

I D s


 �
� �� 


� ��
              (159)

 

� �

, ,

1 3

1 B1 4 1

1 1 1 1
in

Y O Y OAHP

in

sC sC R
R R R RV

I D s


 �
 �
� � � �� 
� 


� �� ��
        (160)

 

� � � �

� �

, ,

1 3

1 B1 4 1

1 1

1 1

1 1 1 1

Y O Y OA in

mA mBBR

in

sC sC
R R R R R

g gV
I D s


 �
 �
 �
� � � �� 
� 
� 


� �� �� 

� 
�� �� 	

        (161)

 

� �

� � � �

� �

,

1

1 B1

,

3

4 1

1,

3 1

4 1

1 1

1 1

1 1

1 1

1 1

Y O

Y OA in

mB
Y OA

mA mBAP

in

sC
R R

sC
R R R

sC g
R R

g gV
I D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � 	� 
� 
� �
� 


 �� 
� �� 
� 

� �� 

� 
�� �� 	

         (162)
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Where,

 
� � , ,

1 3

1 B1 4 1

1 1 1 1

Y O Y OA

D s sC sC
R R R R


 �
 �
� � � � �� 
� 

� �� �

 
� �1,

3 1

4 1

1 1
 mB

Y OA

sC g
R R


 �
� � �� 

� �

 � � � �1 1

1 1 mA mBg g�

          (163)
 

Current Mode (CM):

 � � � �

� �
1 1

2 3mB mBLP

in

g gI
I D s

�                   (164)

 
� �

� �

1,

2 2

B2

1
mB

OBP

in

sC g
RI

I D s


 �
�� 


� ��
                 (165)

 

� �

, ,

1 2

1 B1 B2

1 1 1

Y O OHP

in

sC sC
R R RI

I D s


 �
 �
� � �� 
� 


� �� ��
      (166)

 

� � � �

� �

, ,

1 2

1 B1 B2

1 1

2 3

1 1 1

Y O O

mB mBBR

in

sC sC
R R R

g gI
I D s


 �
 �
� � �� 
� 


� �� �

�
�

       (167)

 

� � � � � �

� �

, ,

1 2

1 B1 B2

1 1 1,

2 2 2 3

B2

1 1 1

1

Y O O

mB mB mB
OAP

in

sC sC
R R R

sC g g g
RI

I D s


 �
 �
� � �� 
� 


� �� �

 �

	 � �� 

� ��

      (168)

Transadmittance Mode (TAM):

 � � � �

� �
1 1

2 3

*

mB mBLP

in in

g gI
V D s R

�                   (169)

 � �

� �

1,

2 2

B2

1

*

mB
OBP

in in

sC g
RI

V D s R


 �
�� 


� ��
                 (170)

 

� �

, ,

1 2

1 B1 B2

1 1 1

*

Y O OHP

in in

sC sC
R R RI

V D s R


 �
 �
� � �� 
� 


� �� ��
       (171)

 

� � � �

� �

, ,

1 2

1 B1 B2

1 1

2 3

1 1 1

*

Y O O

mB mBBR

in in

sC sC
R R R

g gI
V D s R


 �
 �
� � �� 
� 


� �� �

�
�

      (172)

 

� � � � � �

� �

, ,

1 2

1 B1 B2

1 1 1,

2 2 2 3

B2

1 1 1

1

*

Y O O

mB mB mB
OAP

in in

sC sC
R R R

sC g g g
RI

V D s R


 �
 �
� � �� 
� 


� �� �

 �

	 � �� 

� ��

       (173)

Where,

 
� � , ,

1 2

1 B1 B2

1 1 1

Y O O

D s sC sC
R R R


 �
 �
� � � �� 
� 

� �� �

 
� � � � � �1 1 1,

2 2 2 3

B2

1
 mB mB mB

O

sC g g g
R


 �
� � �� 

� �

    (174)

Figure 9: Non-ideal equivalent circuit of Fig. 3 with 
parasitics.

The non-ideal circuit of proposed mixed-mode first 
shadow filter (Fig. 6) is shown in Fig. 10, where imped-
ances are:

 � � � � � � � �� �1 1 1 1

6 2 3 2 3||Y Y Y YZ C C R R�
, 

 � � � � � � � �� �2 2 2 2

7 1 1||Y ZB Y ZBZ C C R R�
,

 � � � � � � � �� �2 2 2 2

8 3 3 1|| ||Y OB Y OBZ C C R R R�
,

 � � � �2 2

9 2( | | )ZA ZAZ C R R�
,

The rest of the impedances are similar to the Fig. 8 The 
routine analysis of Fig. 10 results VM, and CM expres-
sions due to the effect of parasitics as:
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Voltage mode:  

 � � � � � �
� �

1 1

1 1 11mA mBLP

in

g g AV
V D s

�
� (175)

 
� � � �

� �

1,

3 1 1

4 1

1 1
1mB

Y OABP

in

sC g A
R RV

V D s


 �
� � �� 


� ��
         (176)

 

� �

� �

,

1

1 1

,

3 1

4 1

1 1

1 1
1

Y OB

Y OAHP

in

sC
R R

sC A
R RV

V D s


 �
� �� 


� �

 �

� � �� 

� �� 	

              (178)

 

� �

� � � �

� �

,

1

1 1

,

3

4 1

1,

3 1

4 1

1 1

1 1

1 1

1 1

1 1

Y OB

Y OA

mB
Y OA

mA mBAP

in

sC
R R

sC
R R

sC g
R R

g gV
V D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � 	� 
� 
� �
� 


 �� 
� �� 
� 

� �� 

� 
�� �� 	

              (179)

 

� � � �

� �

� �

,

1

1 1

,

3 1

4 1

1 1

1 1

1 1

1 1
1

Y OB

Y OA

mA mB

BR

in

sC
R R

sC A
R R

g g
V
V D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � �� 
� 
� �
� 


�� 

� 

� ��

             (180)

Where, 
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Current mode: 
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Similarly, the non-ideal circuit of proposed mixed-
mode second shadow filter (Fig. 7) is shown in Fig. 11, 
where impedances are:

 � � � �� �2 2

7 1 1|| ||Y Y inZ C R R�  � � � �2 2

10 ( || )ZB ZBZ C R�,

While rest of the impedances are similar to the Fig. 8 
and Fig. 9. The routine analysis of Fig. 11 results VM, 
TIM, CM, and TAM expressions due to the effect of para-
sitics as follows:
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Voltage mode (VM):
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Transimpedance mode (TIM):

 � � � � � �
� �

1 1

1 1 11mA mB inLP

in

g g R AV
I D s

	
� 	 (193)

 � � � �

� �

1,

3 1 1

4 1

1 1
1mB in

Y OABP

in

sC g R A
R RV

I D s


 �
� � 	� 


� ��
    (194)

 

� �

� �

,

1

1 B1

,

3 1

4 1

1 1

1 1
1

Y O

in
Y OAHP

in

sC
R R

sC A R
R RV

I D s


 �
� �� 


� �

 �

� � 	� 

� ��

             (195)

 

� � � �

� �

� �

,

1

1 B1

,

3 1

4 1

1 1

1 1

1 1

1 1
1

Y O

in
Y OA

mA mB

BR

in

sC
R R

sC R A
R R

g g
V
I D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � 	� 
� 
� �
� 


�� 

� 

� ��

       (196)

 

� �

� � � �

� �

,

1

1 B1

,

3

4 1

1,

3 1

4 1

1 1

1 1

1 1

1 1

1 1

Y O

Y OA in

mB
Y OA

mA mBAP

in

sC
R R

sC
R R R

sC g
R R

g gV
I D s


 �
 �
� �� 
� 


� �� 

� 

 �� 
� � 	� 
� 
� �
� 


 �� 
� �� 
� 

� �� 

� 
�� �� 	

         (197)

 

Figure 10: Non-ideal equivalent circuit of Fig. 6 with 
parasitics.
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Where, 
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Current mode (CM):
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Transadmittance mode (TAM):
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Where,
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The above eqns. (153-209) show the effect of parasitics 
in the proposed mixed-mode filter, mixed-mode first 
shadow filter, and mixed-mode second shadow filter. 
However, the effect of parasitic capacitance can be ne-

glected by suitably choosing the value of 1 2, , C C and 

Figure 11: Non-ideal equivalent circuit of Fig. 7 with 
parasitics.
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3C . While parasitic resistances, except RX, can be easily 
neglected as it is high valued in the order of few MΩ.

5 Comparative analysis

The non-shadow mixed-mode universal filter is com-
pared to state of the art in section 5.1, followed by sec-
tion 5.2, wherein mixed-mode shadow filters are com-
pared. 

5.1 Comparison with the existing SIMO mixed-mode 
non-shadow universal filters

Table 3 compares the proposed filter with the existing 
SIMO mixed-mode biquad non-shadow universal fil-
ters. All the topologies use more than one active build-
ing block except [11] and the proposed one. Moreover, 
more passive components are used in [3, 7, 10, 11] than 
in the proposed one. Further, one or more passive com-
ponents are floating in [3, 6, 7, 10, 11]. The filters [3, 7, 8] 
require matching components to realize the responses. 
Additional circuitry is required to obtain the simultane-
ous responses for the VM in [4, 5, 8, 10, 12], TAM in [3, 
5-8, 11], CM in [3-7, 11, 12], and TIM in [4, 5, 12]. Inde-

pendent tuning of o  and Qo is not possible in [5, 6, 9, 
10], and electronic tuning is not possible in [3, 7, 8, 10, 
11]. The topologies [3, 6, 9] consume less power than 
this work. However most of the filters are found to be 
partially cascadable including the proposed ones, only 
ref. [8] is fully cascadable.

5.2 Comparison with the existing different modes of 
shadow filters

Table 4 compares the proposed mixed-mode shadow 
filters with the existing literature. It is noted that there 
is no report of any mixed-mode shadow filters realiza-
tion using the same topology in literature except the 
proposed one. The topologies [13-20] realize only VM 
responses. Similarly, topologies [21-28] realize only CM 
responses, and [29] realizes only TIM and TAM respons-
es. Whereas the proposed mixed-mode shadow filter 
realizes all the mixed-mode filters without alteration of 
the topology. The comparison Table 4 is self-explanato-
ry for other parameters and features. 

6 Simulated results and discussions

The functionality of the proposed non-shadow and 
shadow mixed-mode filters is verified through the Ca-
dence virtuoso spectre circuit simulator using TSMC 

180 nm technology. The DC biasing levels of FD-CCCTA 
are taken as VDD = 1.2 V, VSS = -1.2V, Vbp = Vbn = 0,  Ibias1 = 25 
μA, Ibias2 = 20 μA, and IB1 = IA1 = 50 μA. Table 1 gives the 
aspect ratios of the transistors. The non-shadow filter of 
Fig. 3 is implemented with passive components chosen 
as C1 = C2 = C3 = 1 pF, and Rin = 1 . Fig. 12 shows the lay-
out of the mixed-mode universal filter of Fig. 3, which 
occupies an area of 158.5 μm x 76.3 μm. For the VM and 
TIM, the pre-layout and post-layout gain responses of 
LP, HP, BP, and BR are shown in Fig. 13 (a), and the gain 
and the phase responses of AP are shown in Fig. 13 (b). 
Similarly, the responses for CM and TAM are shown in 
Fig. 14. The calculated pole frequency and the qual-

Figure 12: The layout of the proposed mixed-mode 
universal filter (Fig. 3).

Figure 13: Simulated results of VM and TIM (Fig. 7)  (a) 
gain responses of the LP, HP, BP, and BR (b) gain and 
phase responses of the AP filter.

(a)

(b)
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Table 3: Comparative analysis with the existing SIMO mixed-mode universal filters.

Ref. No. & type of 
active 

elements 
used

No. of passive 
elements (R/C),

All grounded  
elements 
(Yes/No)

Matching 
comp. 

req.

Simultaneous responses obtained
{Input Imp./ Output Imp.}

Independent 
tuning of  

& Q

Electr-
onic 

tuning

Power 
Cons. 
(mW)

Fully Cas-
cadable

VM TAM CM TIM

3. 2, FDCCII 4/2, No Yes UF {H/H} LP, BP, HP 
{H/H}

LP, BP, HP, 
BR {H/H}

UF {H/H} Yes No 1.32 No

4. 3, CCCCTA 0/2, Yes No LP, BP, HP, 
BR {H/H}

UF {H/H} LP, BP, HP 
{L/H}

LP, BP, 
HP {L/H}

Yes Yes 1.99 No

5. 4, OTA 0/2, Yes No LP, BP, HP 
{H/H} 

LP, BP, HP 
{H/H}

LP, BP, HP 
{H/H}

LP, BP, 
HP {H/H}

No Yes NA No

6. 6, OTA 1/2, No No UF {L/H} BP, HP 
{L/H}

BP, HP, BR 
{H/H}

UF {H/H} No Yes 1.57 No

7. 3, DDCC 4/2, No Yes UF {H/H} LP, BP, HP 
{H/H}

LP, BP, HP 
{H/H}

UF {H/H} Yes No NA No

8. 3, DVCC, 
6 MOS

0/2, 6 MOSs,
Yes

Yes LP, BP, BR 
{H/L}

LP, BP, HP 
{H/H}

LP, BP, HP 
{L/H}

LP, BP 
{L/L}

Yes No NA Yes

9. 3, OTA
3, Diff . OTA

0/2, Yes No UF {H/H} UF {H/H} UF {H/H} UF {H/H} No Yes 0.075 No

10. 3, FTFN 3/2, No No LP, BP, HP 
{L/H}

LP, BP, HP 
{L/L}

LP, BP, HP 
{L/L}

LP, BP, 
HP {L/H}

No No NA No

11. 1, FDCCII 3/2, No No UF {L/H} BP, HP 
{L/H}

BP, HP, BR 
{H/H}

UF {H/H} Yes No NA No

12. 5, MCCCII 0/2, Yes No LP, BP, HP 
{L/H}

LP, BP, HP 
{H/L}

LP, BP, HP 
{H/H}

LP, BP, 
HP {H/H}

Yes Yes NA No

This 
work

1, FDCCCTA
(Fig. 3)

1/3, Yes No LP, BP, HP 
{H/H}

UF {H/H} UF {H/H} LP, BP, 
HP {H/H}

Yes Yes 1.9 No

Figure 14: Simulated results of shadow CM and TAM 
(Fig. 7) (a) gain responses of the LP, HP, BP, BR (b) gain, 
and phase response of the AP filter.

Figure 15: Simulated results of the VM shadow filter 
(Fig. 6) (a) tuning of fo due to capacitor value C, (b) tun-
ability of Q, and gain due to A1.

(a)

(b)

(a)

(b)
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ity factor are 46.22 MHz and 1, respectively, while the 
simulated pre-layout and post-layout frequencies are 
46.45 MHz and 45.98 MHz, respectively.

The simulation for the mixed-mode shadow filter of 
Fig. 7 is performed with the same parameters as used 

for the non-shadow filter along with  2
1BI  =  2

1AI  = 40 
μA, R1 = R2 = 1.38 k. The simulated gain responses of 
LP, HP, BP, and BR are shown in Fig. 13 (a), and the gain 
and the phase responses of AP are shown in Fig. 13 (b) 
for the VM and TIM. Similarly, the responses for CM and 
TAM are shown in Fig. 14. The simulated f0 and the Q 

are 46.41 MHz and 1.1 vis-a-vis the calculated values of 
46.41 MHz and 0.95.

The tunability of f0 along with BW for constant Q can be 
obtained by varying C1 = C3 = C. The simulated respons-
es for the mixed-mode shadow filter of Fig. 6, using C = 
1 pF, 2 PF, and 4 pF, are shown in Fig. 15 (a). The simu-
lated f0s are obtained as 46.45 MHz, 23.19 MHz, and 
11.75 MHz vis-à-vis the calculated values of 46.22 MHz, 
23.11 MHz, and 11.55 MHz, respectively. The simulated 
BWs are 46.41 MHz, 23.42 MHz, and 11.86 MHz vis-à-
vis the calculated BWs are 46.68 MHz, 23.34 MHz, and 
11.66 MHz, respectively. Fig. 15 (b) shows the tunability 

Table 4: Comparative analysis with the existing different modes of shadow filters.

Ref. No. & type of 
active 

elements used

No. of passive 
elements (R/C),

All grounded  
elements 
(Yes/No)

Simultaneous responses obtained 
{Input Imp./ Output Imp.}

Independent 
tuning of wo 

& Qo

Electronic 
tuning

Power 
Cons. 
(mW)

Fully Cas-
cadable

VM TAM CM TIM

13. 4, CFOA 7/2, No HP {H/H} ------ ------ ------ No No NA No
14. 5, CFOA 9/2, No BP {H/L} ------ ------ ------ Yes No NA Yes
*15. 6, CFOA 10/2, No LP, BP, HP, 

BR {H/L}
------ ------ ------ Yes No NA Yes

16. 3, OTRA 11/4, No LP, BP 
{H/H}

------ ------ ------ No No NA No

17. 3, VDDDA 1/2, Yes UF {H/H} ------ ------ ------ Yes Yes NA No
18. 4, DDCC 5/2, Yes LP, BP, HP 

{H/H}
------ ------ ------ Yes No NA No

*19. 2, OP-AMP 2/2, No LP, BP, HP, 
BR {NA}

------ ------ ------ NA NA NA No

20. 2, DDCC 
1, Amplifi er

2/2, Yes BP {L/H} ------ ------ ------ Yes Yes NA Yes

21. 2, CDTA
1, CA

0/2, No ------ ------ BP {L/H} ------ Yes Yes NA Yes

22. 3, CDTA 1/2, Yes ------ ------ LP, BP(C), 
HP(C) 
{L/L}

------ Yes Yes 5.9 No

23. 4, ECCII 2/2, No ------ ------ BP {L/L} ------ Yes No NA No
24. 4, OFCC 5/2, Yes ------ ------ BP {L/H} ------ Yes No NA Yes
25. 2, CDTA 2/2, No ------ ------ BP(C) 

{H/L}
------ Yes No 7.79 No

26. 2, CDTA 1, TA 1/2, Yes ------ ------ LP(R), BP 
{L/L}

------ Yes Yes 21.2 No

27. 3, CC-CDCTA
1, CCII

0/2, No ------ ------ UF {L/H} ------ Yes Yes 2.23 Yes

28. 1, CCCTA,       1, 
EX-CCCTA

0/2, Yes ------ ------ UF {L/H} ------ Yes Yes 4.1 Yes

*29. 4, OFCC 5/2, No ------ BP{H/H} ------ BP {L/L} No No NA Yes
This 
work

2, FDCCCTA
(Fig. 6)

0/3, 4 MOSs,  Yes LP, BP, HP, 
AP {L/H}

------ UF {H/H} ------ Yes Yes 3.7 No

2, FDCCCTA
(Fig. 7)

1/3, 4 MOSs, Yes LP, BP, HP, 
AP {H/H}

UF{H/H} UF {H/H} LP, BP, 
HP, AP 
{H/H}

No

NOTE: *Different structures are required to obtain each filter response; BP(C), HP(C) & LP (R): Represent the availability 
of responses through capacitors (C) and resistors (R); hence require additional circuitry for practical implementation; 
H: High; L: Low.
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of the quality factor along with the gain of the BP filter 

by the variation of gain A1, i.e., varying  2
mBg  in line with 

(46). The resulted quality factors are 0.8, 1.1, 1.3 and the 

gains are -1.2 dB, +1.4 dB, +3.7 dB for  2
1BI  = 40 μA, 200 

μA, and 400 μA, respectively.

The performance of the circuit is affected due to the 
fabrication process and mismatch deviation which has 
been analysed for the BP output response. Monte Carlo 
(MC) simulation for 200 runs is performed by consider-
ing the deviation of standard parameters of MOSs. Fig. 
16 (a) shows the MC results for the frequency response 
of BP in VM and TIM while Fig. 16 (b) shows for the same 
in CM and TAM. Fig. 17 (a) shows the histogram plot of 
the distribution of samples for center frequency in VM 
and TIM which results the standard deviation as 2.7 
MHz. While, Fig. 17 (b) shows for the CM and TAM which 
results the standard deviation of 2.9 MHz.

(a)

(b)

Figure 16: Monte Carlo simulation for 200 runs for BP 
output response (a) VM and TIM (b) CM and TAM.

Figure 17: Statistical results of Monte Carlo simulation 
for BP output response (a) VM and TIM (b) CM and TAM.

The PVT analysis has also been done for the Fast Fast 
(FF), nominal, and Slow Slow (SS) corners. Voltage has 
been varied in the range of 1.2 V ± 10 %. Whereas, tem-
peratures have been taken as -40 oC, 27 oC, and 125 oC 
for the FF, nominal, and SS corners, respectively. Fig. 18 
(a) shows for all the three corners which results in the 
centre frequencies of 53.5 MHz, 46.41 MHz, 40.32 MHz 
in the FF, nominal, and SS corners, respectively in the 
VM and TIM mode. While, Fig. 18 (b) shows the similar 
results in CM and TAM mode which gives the centre fre-
quencies as 55.7 MHz, 46.41 MHz, 39.97 MHz.

The measure of %THD (% total harmonic distortion) for 
the HP and LP mixed-mode shadow filter as a function 
of the input signal is shown in Fig. 19. The %THD varia-
tion is less than 5% for VM and CM filters up to 600mA 
and 1000mA, as shown in Fig. 19 (a) and Fig. 19 (b), re-
spectively.

7 Conclusions

This paper presents a novel mixed-mode universal filter 
using a single active building block, FD-CCCTA, a new 

(a)

(b)
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Figure 18: Simulated frequency responses of BP filter 
in fast, nominal, and slow corners (a) VM and TIM (b) 
CM and TAM.

(a)

(b)

Figure 19: %THD variation of HP and LP Shadow filter 
(Fig. 6) (a) VM (b) CM.

(a)

(b)

variant of FD-CCII, and three capacitors. All the standard 
responses such as LP, BP, HP, BR, and AP are obtained in 
all VM, CM, TIM, and TAM modes. It is then extended 
to shadow filters to add flexibility in the orthogonal 
tuning of filter parameters, such as pole frequency (ω), 
quality factor (Q), and the tuning of the filter’s gain. The 
first proposed shadow-filter circuit realizes the VM and 
CM UFs, while the second shadow filter realizes UFs for 
all the four modes, such as CM, TAM, VM, and TIM. To the 
best of the authors’ knowledge, there is no reporting of 
a mixed-mode shadow filter in literature. The theoreti-
cal results are verified using TSMC 180 nm technology 
in Cadence Virtuoso Spectre.
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