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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, o, and Q,. 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.
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Unwerzalni filter z meSanim nacinom uporabe FD-
CCCTA in njegova razsiritev kot filter v senct

Izvleéek: Clanek predstavlja popolnoma diferencialni kaskadni transkondukcijski ojacevalnik (FD-CCCTA), modificirano razlicico
tokovnega transporterja FD druge generacije (FD-CClI). Razvit nov univerzalni filter (UF) z me3anim nac¢inom delovanja, ki uporablja
samo en FD-CCCTA. Rezultat so vsi stirje nacini UF, in sicer tokovni nacin (CM), napetostni nacin (VM), transimpedancni nacin (TIM) in
transadmitancni nacin (TAM). Poleg tega je ta topologija filtra razsirjena na dva univerzalna senc¢na filtra z mesanim nac¢inom delovanja.
Prva topologija sen¢nega filtra izvaja univerzalna filtra VM in CM. Drugi univerzalni filter v senci z mesanim nacinom delovanja
omogoca vse stiri nacine delovanja. Predlagani filtri v senci povecujejo fleksibilnost pri ortogonalnem nastavljanju parametrov filtra,
w_01in Q_0. Poleg tega je mogoce elektronsko nastaviti ojacenje 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.

Klju¢ne besede: FD-CCCTA; FD-CCII; mesani nacin; filter senc
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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-l 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 (FDCClls) 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 responsesin 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-
Cll, 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 (MCCClIs) 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 w and Q and provide tunable
gains. The proposed circuit exhibits the following ad-
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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-
CCll and transconductance amplifier (TA), where TA is
used in the cascaded form, and therefore O terminal
can be increased as per the requirement.

IZA

IXA ZA
—> Xy 0 Ioax
. FD-CCCTA [T,
o Zs —>
o) IOBI

Y, Y, Y, Y, Om

IYIT IYZT IYST IY4T

Figure 1: Symbol of FD-CCCTA.

The port relationships of FD-CCCTA can be expressed
in matrix form as follows:
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I,T770o o0 0000 0 0 0 0],
Il {0 0o o000 0 0 00|V,
Iyl |0 00000 0 0 00|,
Lyl |0 00000 0 0 00|W,
Va| [T -1 1000 0 0 0o0fI, M
Ve | [-1 1. 0100 0 0 0 017,
I,/ 10 00010 0 0 00|V,
Lyl [0 00001 0 0 00|V,
Iow| |0 0 0000 g, 0 00|V,
s ] [0 0 0000 0 g, 0 0|V,]

Where g .. and g__ are the transconductances of the
transconductance amplifiers (TAs) connected at the Z,
and Z, respectively, can be expressed as:

w
gmAl ) luncox (TJMWJ M;q [Al ,

w
and gmBl = luncox (_j IBI
My, My,

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.

Table 2: Performance parameters of FD-CCCTA.

Performance Parameters Value

Supply Voltage +1.2V
Power Consumption 1.9 mW
Parasitics at Y port (Ry, Cy) 2.131 MQ
Parasitics at X port (Ry) 38520
Parasitics at ZA port (Rza, Cza) 1.22 MQ, 28 fF
Parasitics at ZB port (Rzs, Cz) 44 MQ, 12 fF
Parasitics at O, port (Roi, Co1) 2.54 MQ, 3.42 fF
Parasitics at O, port (Ro,, Coy) 2.3 MQ, 3.24 fF
Linear variation of |, over IX 380 A to 500 pA
Linear variation of Vy over Vy -1.04Vto 1.04V
Bandwidth of I,/Iy 1.4 GHz
Bandwidth of lo,/Ix 73.1 MHz
Bandwidth of lg,/lx 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 g,(nl,ll and gg%l for the first FD-CCCTA

and gﬂl and g,(nzgl for second FD-CCCTA.

MOS Transistors W(um)/L(um) 3 Proposed circuit configuration
M6 4.5/0.36
My.5,9,13 36/0.36 The mixed-mode universal filter (also called non-shad-
Mg, 11,1224 9/0.36 ow filter) is presented in section 3.1, followed by sec-
M 14,15, 18, 19,25, 29, 30,33, 34 18/0.18 tion 3.2, wherein two mixed-mode shadow filters are
M16, 17,20, 21,26,31,32,35,36 45/0-1 8 discussed'
M2, 23,27, 28 0.36/0.36
M37.44 10.8/0.36
VDD
M‘HMM 39 M40
—Op; =1 0 %Y
MSS
L|l._, M41M42 (:"1 a.l
M25
€
Isx Ia1

M,

6
IbiasZ ¢

VSS

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

o) and OV

Bicc / Bicee » Which are

. 1
terminals such as Oél)c,

copy terminals of the Ogl) .The Ogg and Oég) 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 Zél) terminal to get the Ogl), the input of the

second TA is connected to the Ogl) terminal to get the

oW

8, and similarly, the Ogg terminal is obtained

.The —Oéll) and -Og; are 180 degrees phase-shifted

of Oé? and O,(;Z) , respectively. At the same time, Oélz)c

and —O(Blz)C are the copies of the ng) and -Oélz), re-

(1)

spectively. Similarly, OSB)C and Og, . are the copies

of the OV

g3+ While -Oé‘; is 180-degree phase-shifted

to Oég. Thus, for obtaining the transfer functions in
all four modes, such as VM, CM, TAM, and TIM, two in-
put currents, | =1 =1, are used, and a resistor (R,)is
used for TAM and TIM.

L= Iin—h' I 1 I T
V}[P°—|: X5 -Og1-O82-053 Og1c.Os3c

Ly Opic—Iyp

X, FD-CCCTA _ Opif—>1I;;
E ZA OBlccc

n O Qe

OBI OBZ Y4-OA1 YZ Y3OBIC [—-—_> IBP

Ve
T J_ “iVLP ‘?"Iim:Iin
Ri

S A

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 | =1 =0,R = o (i.e.
Removed)l:

Q __ g%lg,(nlz)n 3)
4

D(s)
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@_Scsgmm
v, D(s) X
@:szqg -
(o)

The addition of -V,,andV _ results in V_, while the ad-
dition of -V, ,V,, andV , resultsin theV,  using another

voltage summer (not shown).

(S2C1C3 + g,(,;/)ng,(;z)n )

Vir __ (6)
v, D(s)
. (S2C1C3 —Scsgr%l +g$,211g$1)31)

- _ )
V. D(s)

m

Transimpedance Mode (TIM) [withV, =0, 1., =0]:

Vie _g;(nl/)ug(l) R

_LP _ mB1~ "in

I, D(s) @
Vip _ 8 C3g;(;231Rm ©)
I, D(s)

Vi _ s’CCR, (10)
I, D(s)

The addition of -V, and V , results in V,, while the ad-
dition of -V, ,V,, andV , resultsin theV,, using another

voltage summer (not shown) as follows:

(SZC1C3 + gfrgllgr(nll)?l )Rm

Vir __ (11)
]in D(S)

Vip (52C1C3 —SCSg,%l + gr(;zlllg%l)Rm 12)
I D(s)

Where,

D(s)=5"C,Cy+5Cygl, +gingim (13)
The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

gfrgllgfril)il

C1C3
g(‘)
and BW =<=282
C

1
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The sensitivity analysis of w, Q, and BW using (14) re-
sults in:

0, _ o, _ 1 B 1
S ;g/u B SgS) B 2 S B SC3 B 2
% —9% — 1 SQ =S% :_l

8%3 G 2 n:t);z G 2

Current Mode (CM) [withV, =0, =0,R_=0]:
I, _gh.ghns
= (15)

I, D(s)

Iﬁz Sczgr(nlgez (16)
I, D(S)

]ﬂ = —S2C1C2 (17)
I, D(s)

Ly S2C1C2 + gS}?Zgl(nll)??) (18)
I, D(s)

IA;P _ S2C1C2 _Sczg,(nlt)zz +gr(nlz)32g$t)33 (19)
I, D(s)

Transadmittance Mode (TAM) [with l,=0I

Iip g%zgfr:z)n

—_— = (20)
Vin D(S)*Rin

I£= Sczgfrgz 1)
Vin D(S)*Rin

Typ _ s*C,C, 22)
V., D(s)*R,

Ipp 2CC +g£nl)32gr(nl)?3

- = (23)
V., D(s)*R,

Ii_ ZCC _SCth(nl)?2 +gr(nl)32gfnl)?3 (24)
V;n D( )*Rin

Where,

D(S) = S2C1C2 + SCZgr(r:l)n + g%zgsgs (25)

The pole frequency (
width (BW) are:

w,), quality factor (Q_) and band-
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(1)
and BW = Empy

1

The sensitivity analysis of w, Q, and BW using (26) re-
sults in:

,,) o, _ o, _ Qw, __ 1
S mBZ ngr:t)ﬂ B 2 S SCZ B 2 ?
5% =82 _1 S% =52 =1

o) G &) G

&mB3 &mB2 2
s& —ISBW -1

EmB2

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

gr(nléz and gfnlE)B. Sensitivity of the parameters of egn.
(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.

—— BP

Input Basic Band-pass

d output

2""-order filter 4
> LP
Low-pass
output
amplifier
Al

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 A,
and A, multiplied with the V,, and I, 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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9 Basi >
Vin -b-—@-b 2“d Asic i L
A -order g
Ii o Mixed-mode filter > 1
in - HP

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

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 (R, & R,) consisting of MOSs. Veo

is given to Yz(z) and Y4(2) terminals for the sake of the
VM shadow filter, and I is given to the Xf) terminal
for the CM shadow filter. The second FD-CCCTA in Fig. 6
aims to create two amplifiers, A, and A, 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 eqgn. (38) that

4 :gfnzzgRl and 4, :gr(nz/fRZ

The value of MOS resistors can be adjusted with their
respective bias voltages, V_, and Vv, [331. The equation
for the resistance is:

L
R=
2luC0xW(VCi - VT)

a

(27)

Where L and W are the channel length and channel
width, p is the effective mobility, Co is the gate oxide
capacitance, and V. 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:

Via =V =Vya V3
andV,, ==V, +V,, +V,,
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. Oy
n T [T >lox
Vap °—|: Xg Om -Opz -Ops Opicc Opsc Opie Iy
Zr Oz *Irp
E Xy FD-CCCTA Ogicee
Opse >

v 8 0 SR
HE : Osgzc »Tpp

-Op; Op; Y4 O Y; Y,

1 e

“1 o o]

Xa
FD-CCCTA .0,

O]

Xp
Yi Zg Y;

Z, |

O

Figure 6: Proposed first shadow filter.

Therefore for FD-CCCTA-1, we get:

vl =v, (29)
Vip ==V 4V 4V, (30)
While for FD-CCCTA-2 we get:

Vi =Vip=Vep + V5 (1)
Vie="Vip+2Vyp (32)

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

](01/)11 = gf(rBHVZA and I(olﬁ)n = g:(%ll)?lVZB (33)
Which corresponds to:
VipsC = gSrBHVBP and —Vy,sC, = gfnl;lVHP (34)
Another port relationships of FD-CCCTA-1 results:
1 1 1 1

Iégz = gr(nt)32V0B1 and 1(0113 = gr(nt)?}VOB2 (35)
Which corresponds:

0 Ly (1) Lgp
Lyp=—8up— —and I, =g, p, (36)

sC, sC,

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

(37)

IEZ)A = _gr(nzjVZA and Ige) = gr(;izVZB

Hence, (35) results:
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V(z)
ISZO)A = _gfn2A)R2IBP and% = gr(nzf;VAP (38)
1
It can be written as:
1% =41, andV) = 4V, (39)
Where 4 =g2)R and 4, = g")R, (40)

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

VY(32) from (39) as
V)Sj) =V (1 + Al ) —Vgp

Now, (28) can be rewritten as:

Vie =Vap + V)(ci) +Vip (42)
Therefore,
Vip =Vap + Vi (14 4) =V +V,, (43)

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

Vi (14 4) ==V, + 2V 4, +V,p (44)
Whereas for the current mode (CM), the expression of
currents at node N is given as:
L,=—Lp+1,(1+4,)+1, (45)
Now the voltage mode transfer functions are obtained
by using eqn. (34) and eqgn. (44) while, current mode

transfer functions are obtained by using eqgn. (36) and
eqn. (45) as follows:

Voltage mode [with lin = 0]:

M 50

Vie _ Enn&mp (1 + Al) 6
v, D0

Vp _ SC3g$1);1 (1"' Al) )
Vo D)

Ve _ s’C,C, (1+ 4,) ”
v, D)

re _ (PGC-2Celrdliel))
I/in - D(S)
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By the addition of -V, ;and V , results into V, using volt-
age summer.

v,

BR

Vi

(S2C1C3 +g$/)11g2;1 )(1+ Al)
. D(s)

n

Where,

4 =g")R

mB* 1

(51)
D(S) = SZC1C3 + 2AISC3g$2?]

+ gfnlzﬂgfr}gﬂ

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

_ gr(rzlgr(rgl _ e Clgr(rgll
’ cc, 7 24\cg"
13 1 38 mB1 (52)
g(l)
and BW =24, =221
Cl
Considering C, = C,, eqn. (52) gives:
0 L0
a)u — mAlgmBl ,
¢ (53)
g(l)
and BW =24, ==L
C
The gain of the filter can be expressed as:
(1+4)
App = Ayp = Apy :(1+A1)’ABP = 4
| 1 (54)
A,=—
AP 4

The sensitivity analysis of w_, Q_and BW using (52) re-
sults in:

=Sk =y S =S =3
§% =8¢ :laSQﬁ) =S¢ :_l,
Al 1 2 &uni 3

S%, :S% =

St =18 =-1,8" =8;" =1

The above eqgn. (53) indicates that the w, Q, and BW
are electronically tunable by bias currents because of
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gr(;,)n ,and gr(nll)Bl ,and w, is independently tunable by C,
while Q_is independently tunable by gain Al,i.e., ggg

as well as R.. Also, the tuning of gain is obtained by A| .

Current mode [with Vin = 0]:

]iz gff:Z)?Zgr(ril)% (55)
I,  D(s)
]ﬁ _ SCZgl(nll)?Z (56)
I, D(s)
I, s’C,C,
=- 57
I, D(s) 7
[ﬂ _ S2C1C2 + gfriz)szg%z. (58)
I, D(s)
I, (SZClCz _Sczgr(;gz + g%zg%3) (59)
I D(s)
Where,
D(S) = S2C1C2 +(1+ Az)sczgr(nlz)zz +g$z)32g$z);3
(60)

and A, = g,(nszz

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

Clgr(er)B
C2gr(nl;2

gfrfl)ngr(ril)ﬁ 1

Cl CZ ’

(61)
and BW :(1+A2)—gg32

Considering, C, =C,, eqn. (61) gives:

o = Srgﬁgr(il)ﬁ 1
0 C s

© (1+4,)

(1)
and BW = (1+ 4,) 252

C
The sensitivity analysis of w, Q_ and BW using (61) re-
sultsin:

(,U" —_— w{)
S ) =S (1)

EmB2 &mB3 2

_t !

, ,
’SCIO — SC; =——,
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1 1

S% —9% —_— §% _—g% _—_

gg:g;; G 2 ’ 82222 G 2 ?
§% — g% — _ A2

0 TOr =

8mi 1+A,

A

ST =LSe" =-1,8% =8, =—2

EmB2 8md 1+A2

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

gs%z , and gr(rh)a}, and w, is independently tunable by
C, while Q,is independently tunable by gain Az, ie,

gr(nzA) as well as R,. 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 (R, ) and one more input current such that L

= Iin2 = Iin'

Lo=T. —33
il e — . — >Tzr
Vup O—I: Xp -Op1 -Op: -Op; Op1ccOpac Onic I
Zs Ogs > Irp
E Xi FD-CCCTA Ogicee
. -0 »-1
Za @ 5 mBzc T AP
Vero — Y1 g -l
Op; Op; Y:-Oua1 ¥; Y, - e
@ L Ve
T o C;
I o] o
l: Y, Xa
Y,

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 |, =1 =0, R, = o (Re-
moved)]:

&:_gsf)ng%l(l_/ll) 63)
D)
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(1)

Vip _ sCi g, (I_Al)

VT D() -
v, _ S2C1C3 (I—Al) (65)
v, D(s)

Vi (S2C1C3 —Sc3g$1)91 +g£r211g£nll)31) (66)
V, D(s)

By the addition of V,,and -V, results into V,, using volt-
age summer.

<S2C1C3 + gr(rlelgr(rgl )(1 -4 )
D(s)
Transimpedance mode (TIM) [with V. =0,l_,=0

Vi —
V.

in

(67)

Vio _ Gun&ubRy (1-4) "
[in D(S)

Vep _ 5 CyginR, (1-4) (69)
Iin D(S)

Ve = S2C1C3Rin (1 ~ Al) (70)
Iin D(S)

VAP __ (5‘2C1C3 _SC3gr(nl;1 + gszﬂgsgﬂ )Rl_n -
Iin D(S)

By the addition of V,,and -V, results into V,_ using volt-
age summer.

Ve <S2C1C3 +gr(r211gr(nlz)91)Rin (I_Al)

= (72)
Iin D(S)
Where,
D(S) = S2C1C3 + 2(1 -4 )Scsg;(r?m + g%@%l 73

and 4, = gfnz)R

B

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

gsf)ﬂg%l 0 = 1
T 2(1-4)

V)

’ GG,
81

Clgl(rBll
C3g5nll)31

and BW =2(1-4,)

1
Considering, C, = C;, eqn. (74) gives:
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0,0 { 0

Ema8mp1 Ema
0, =———"——, 0,= |
¢ 2(1_A1) gfm)gl (75)
g(l)
and BW =2(1- 4, )24
C
The gain of the filter can be expressed as:
1-4
Ap=Ayp=Ag, = (I_Al)’ABP ZZ((T;II)),
1 (76)
and A,, =

2(1_‘41)

The sensitivity analysis of w_, Q_and BW using (74) re-
sults in:

1 1
S% =8% =—,8% =8% =——
g,(;,)ql g%l 2 G G 2 ’
1 1
§% 9% —_ §% _—9% —__
g»(j/)n G 2 ’ g%] G 2 ’
SQO _SQO _ Al
2 —MR T
&mB I_Al
A
BW BW BW BW 1
S(l) :l’SC :_I’S(Z) :SR =7 .
mB1 ! 8mB ! 1_A1

The (73) indicates that the w, Q, and BW are elec-
tronically tunable by bias currents because of gr(;,ll
and ggél. Moreover, w_is independently tunable by
C, while Q,is independently tunable by gain A1 ie.,
gfnZB) and R,. Also, the VM and TIM shadow filter’s gain
is tunable by A as indicated in (74).

Current mode (CM) [with V.=0,l_=0,R_ =0l

1 5

]i: gmBngB3 (77)
[in D(S)

Lp _ sCo85h (78)
]in D(S)

Ly _5°CGC, (79)
]in D(S)

[ﬂ _ Szclcz + gSz)azg$1)33 (80)
Iin D(S)
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I, (Szclcz _SC2gr(;;l)32 +g$1)92g$2;3) 81)

in D(S)
Transadmittance mode (TAM) [with |, = 0]:
Ii_ gr(nll)ﬂgfr:]_?n

= (82)

Vin D(S)*Rin

Iyp Sczgfnlz)zz
— =, (83)
V;n D(‘S)*Rin

1, _ s’C,C, (34)
I/in D(S)*Rin

2 o SO
[ﬂ: S"CCy + 8528 mis (85)
V;n D(S)*Rin
1 1

]i _ (52C1C2 _SCZgr(nl)?2 +gfnl)92g£r:l)33) (86)
V;n D(S)*Rin
Where,

D(S) = S2C1C2 +(1+A2)SC2g}%2 +g$1)32g$1);3
and 4, = gfnz,sz

The pole frequency (W), quality factor Q) and band-
width (BW) are:

w, =
(88)
g(l)
and BW = (1+ 4,)=222
G
Considering, C, = C,, eqn. (88) gives:
_ gfy}z)zzgr(nlgn _ 1
o,="—"",0,=7"—"—
C (1+4,) (89)

gl
and BW =(1+4,) =222

The sensitivity analysis of w_, Q_and BW using (88) re-
sults in:

1 L1

@, _ Q¥, _ o, _ o — __
S, =5, 5006 =5a =75
1 1
§% —9% _—_ % _—9% _—__
g»%} G 2 ’ g%z G 2 ’
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SQ(O — Q9% — _ Az

2 R

W 14+A,

SBW _1 SBW _ 1 SBW _SBW _ A2
(O 2 — b o T R,
EmB2 &ma 1—|— A2

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

gr(nlE),2 and gr(;gm. Moreover, w is independently tun-
able by C, while Q_ is independently tunable by gain

A e, g,(nzg and R,. Sensitivity analysis of all the pa-
rameters results within the unity magnitude.

4, Non-ideality analysts

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:

(i,7T0o o o 0o 0 0 o0 0 0 0]|[W,
I, 0 0 0 0 0 0 0 0 0 0|7,
Iy 0 0 0 0 0 0 0 0 00|,
I, 0 0 0 0 0 0 0 0 0 0||¥,
VXA _ ﬂul ’ﬁaz ﬂul 00 0 0 0 0011y (90)
Vi P B 0 Bs 0 0 0 0 0 0] 1y
1, 0 0 0 0 a 0 0 0 0 0||7,
I, 0 0 0 0 0 a O 0 0 0||¥,
Lon 0 0 00 0 0 yugum 0 0 0] 175,
Lom] | 0 0 00 0 0 0 Tn&m 0 0 [ Vog |

Where ,Bai (i=1,2,3) is the voltage transfer gain be-
tween Y and X, terminals, f; (i=1,2,3) is the volt-

age transfer gain between Y, and X terminals, is
the current transfer gain between /,, and |, terminals,

@, is the current transfer gain between /,, and |  ter-
minals, 7, is the transconductance gain between lom

and V,,,and y,, is the transconductance gain be-
tween /., and V. 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):
Q:_gfrgﬂgs;lﬂalﬂbﬁ/al}/bl 1)
Vi D(s)
Vip _ Scsgr(nlf)nﬂbz731 92)
" Dls)
Vir _ s’CCofy, (©3)
V.  D(s)
Vir (S2C1C3:Bbz + gr(rgllgfrjl)ilﬂalﬂhzyalyhl) (04)
v, D(s)
[S2clc3ﬁb2 - SC3gr(nlz)31ﬁbz731 J
Vip _ +g£r:zllgr(nll)31ﬂalﬁb27/al7/bl (93)
Vi D(s)
Transimpedance Mode (TIM):
Q __ gr(rjzﬂgfrg’lﬁalﬂbeal}/blRin (96)
I, D(s)
Vip _ SC3gr(r:1)31ﬂb27b1Rin (97)
I, D(s)
Vie _ s’CC,BR, (98)
I, D(s)
( 52C1 CBy, JR
Viar __ +g$/)11g%1ﬂa1ﬂb27a17b1 ; (99)
I, D (s)
(Szclc3ﬂh2 - SC3g£r2?1ﬁb27/hl J R
Vip _ +g£r2llgr(nll)31ﬁalﬁb27/a1}/bl (100)
I, D (s)
Where,

D(S) = S2C1C3 +SC3gSJ)31IBa17b1

(1)

n (101)
+Zt1&nsr Bt BV Vi1

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

o :\/gS/)ngSz)ﬂﬂalﬂbﬂa]yb] 0 = ’CIgr(r}/)ﬂﬂb2)/al
o1e: CBgEr:l)?]ﬂa]}/b]

andBW:M

(102)

1

249

Current Mode (CM):

]ﬁ _ gsjz)azgfr:z)es%z?’bs (103)
I, D(s)

Iﬁz Sczg%z?/bz (104)
I, D(s)

1, SZCIC2

I, D(s) (105

Iﬂ _ S2C1C2 +gr%2g$1)937b27b3

= (106)
I, D(s)
S2C1C2 _SCZgr(nll)n]/bZ

Ii: "‘gsgzzgr(nlz)n?/bz?/m (107)
I, D(s)

Transadmittance Mode (TAM) [with | = 0]:

Iﬁz gsgzzgfr}z)ss%z?/bs (108)
Vin D(S)Rin

Iﬂ _ Sczg;(;z)az?/w (109)
I/in D(S)Rin

I s*’C.C
HP _ 18 (110)
I/in D(S)Rin

Iﬁ _ S2C1C2 +g$;2g$3937b27b3 (111
I/in D(S)Rin

S2C1C2 _Sczg,(,:z;z%z

[i: +g$1)92gr(nll)?3}/b27b3 (112)
I/in D(S)Rin

Where

M

D(S) = S2C1C2 + Sczgfygz%z + ng)EngBSyb27/b3 (113)

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

o = r(r:I)SZgSI?S}}/bZ}/M 0 = C1g%37b3
’ C,.C T g
1“2 38mB2Y b2

o)
and BW = Em2V 2

1

(114)

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

V.» gr(rBllgSg?l (ﬂal +4B.3By, )ﬂalﬂb27a17b1

L _ (115)
v, D(s)
Vip Sc3gr(r:1)31ﬂb2]/31 (,Bal + A1,Ba3:8b17b1)
= (116)
Vi D(s)
Vie B 52C1C3ﬂb2 (ﬂal + Alﬂa3ﬂbly,,l ) 117)
V D(s)
[S2C1C3ﬁb2 _ScagSz)nﬂw?/BlJ
Vip B +g$/)ng;(nlz)ﬂﬂalﬂb27a17b1 (118)
v D(s)

s’CCp,, B
Vi _ Lgfillg%ﬂalﬂbzmm][*Al B, J (119)
V. D(s)
D (S) = S2C1C3ﬂbl + Sc3gr%1ﬂa17b1 (_ﬂb21
+ alﬂbZﬁM + alle23 _ﬂazﬂmﬁm
B B2V + Bos B3V A)
+g$/)11g$1)31:3a1:3b27a17b1

(120)

The pole frequency (w ), quality factor (Q ) and band-
width (BW) are:

2

o = \/gfrglgr(rglﬂalﬂbZ}/alybl

GG By
0 = 18 ma1Ppal al
’ (_ﬂbzl + BB B C3gfr2ﬂﬁallgb17/b]

+ .1 Bys = BBy P

+B.:3 By A (121)
+B.:837 )
gSI)Slﬂalybl(_ﬂb21+ 1 B2 By
+ a1:31>23 _ﬁaZﬂMﬁbl
and BW = BBV s14 + BsPrsV )
C.B,
Current mode:
]ﬁ _ g$1)32g$2337b27b3
= (122)
I, D(s)
Iep _ SC2g;(1jl)?27/b2 (123)
I, D (s)

2
Typ _ S cGC, (124)
I, D(s)
L _ S2C1C2 +g21)32g$13)337b2}/b3 (125)
I, D(s)
I, (S2C1C2 _SCZgEr:gn}/bZ +gfr:1)32gl(r}1)337b27/b3) (126)
in B D(S)
Where,
D(S) = SZCICZ +(1+ Azymaa)sczggz)azybz (127)
127

+g$z)32g$z)337b27b3

The pole frequency (w,), quality factor Q) and band-
width (BW) are:

o = Sz)s'zgf,;z)ﬂ?/bz?/ba
’ GG,

2

— 1 Clgfnll)B}/bS (128)
(1 + AZyalaa) ngfnlf)?ﬂ/bz

(1)
and BW =(1+ 4,7, )g’”Bszbz

1

0

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

Voltage mode (VM):
1 5 B
v, Emn8mpi (_A]ﬁa3ﬂblm ]ﬂalﬁb27a17b1 (129)
v, D(s)
Vip SC3gSnlg;1ﬁb27Bl (ﬂal _Alﬂa3ﬂblyh] ) (130)
v, D(s)
Vip S2C1C3ﬂb2 (ﬂal - Alﬂa}ﬂhlybl ) (131)
v D(s)
[S2C1C3:Bb2 _SCSgErglﬂbeBlJ
Vip +g$f)11g$1)ﬂﬂa1ﬂb27a17b1 (132)

in

D(s)

[ s’CCyy, J[ Ba j
Vir _ +g£r211gr(rglﬁalﬂb2yal]/bl —4 a3'3b1m (133)
7 o(s)
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Transimpedance mode (TIM):

0 40 Pa
gm gm Rin ﬂa ﬂ 741 }/
Vi _ A1 B1 [_Alﬁa3ﬁblyblj 17627 al/ bl 134)
in D(S)
Vip SC3g£nlj)31Rinﬂb27/Bl (:Bal —4, a3ﬂb1ybl) (135)
I, D(s)
Vie s’CCR, By, (ﬂm — 4Py, ) (136)
I, D (s)
[SZCICBﬂbZ - SC3g£111)31ﬁb2731JR
Vip _ +g£r211gr(nll)31ﬁalﬂb27a17bl (137)
I, D (S)
( SZCICSﬁbZ J[ B. jR
@ _ +gr(r211g$;1ﬂalﬂb27/a17/bl —4 a3ﬁb17~ " (138)
I, D(s)
Where,
D(s)=5'C(C,

1+
ﬂa2 j (_I 39)
B3PV A = BBy
+g;(;211g$/)31ﬂa1ﬂh27a17b1

+SC3g£:1)91ﬂa17bl [

The pole frequency (w,), quality factor Q) and band-
width (BW) are:

_ \/gszllgfrglﬂalﬂbzyal?/bl

@ ,
’ C1C3
0 = 1 Clg;(;;)nﬂbzyal
’ 1+ 5, V C3g£r:1)§lﬂalﬂb17bl (140)
~BsBnVud = BBV
1 0]
BW :ﬁal)/bl[ +ﬂa2 ]gmBl
BBV = BaBurad ) C
Current mode (CM):
1
[L_P _ gr(nl)32gfnlt)?37b27b3 (141)
I, D(s)
1
Lyp _ Sczg;(nz)n?/bz (142)
I, D (S)
ﬂ:—szclcz (143)
I,  D(s)
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Tor _ s’GG, +gr(r:l)92gf(7:1)5’37b2}/b3

— (144)
I, D(s)
]L (S2C1C2 _SCngnlg?Zbe +g$z)azg$z)337/b27b3) (145)
in D(S)
Transadmittance mode (TAM) [with | . = 0]:
Lip _ g%zg%ﬂ’bz?’bs (146)
V. D(S)*Rin
Li _ Sczgr%z}’bz (147)
I/in D(S)*Rin
1, s°C,C,
= 148
I/in D(S)*Rin ( )
Iﬂ _ S2C1C2 +g21);2g$g;37b27b3 (149)
V;n D(S)*Rin
I, (S2C1C2 _SC2g$l)927b2 +g$t)32g$t)33}/b27/b3) (150)
I/in - D(S)*Rin
Where,
D(S) = SZCICZ + (1 +4y,.a, )Sczgfgqlz)az%z
n (151)

18828 mB37 27 b3

The pole frequency (w,), quality factor Q) and band-
width (BW) are:

_ r(nl])32gr(r333}/b27b3
GG,

Q)

0 3

— 1 Clgr(nll)?37b3 (152)
(1 +4,y.40, ) ng;%z%z

gona
and BW =(1+ 4,y,,a, ) S22
G

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.

0

4.2 Effects of parasitics

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

low value. (Cy, ||Ry), (Cy, [|Ry,), (Cy5lIR3),
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(C,,IR,,), are atY, Y, Y, andY, terminals, respec-

tivelywhie(Cy,l|R,),
(Conr I Roa)+ (Cogy Il Rogy ), are at Z,, Z, 0, , and
R,,, R

Y2/

0., terminals. The values of R,

» Ryg o Roarr Rog; are high whereas C,, |,

(Cspi lIRz).
Rys Riys Raa
C,, C

Y27 ~Y37

S PO
RYI ROBI RY4

1

4+
ROAI

1 1

+g;$211g,(.:z);1

1
j (SC; +—
RY] R()Bl RY4 R

041

1

LI S )
sCy+—+——
( 3 R. R, ngBl

D(s)

(SC; + = + lj
RYI ROBI

+g£r211gr(r:l)31

VBR
Cyar Canr Cap0 Conpr Cop arelow. V_m
[ gy ————— i
Xa 0y Rom :
I Re [z, FD-CCCTA Coa
l& Cz
| Onf Rou[7 |
Rzw 7 v, Y, Y, Y, Cont |
I C 1 L 1 L
I -Zh |
| Ry; vifRvi]  |Cva|Rvi] | CyyRys vy :
I
R i ol o ) IO | PO oY) PR
! Vip
Figure 8: Non-ideal equivalent circuit of FD-CCCTA. Vi

The non-ideal circuit of proposed mixed-mode filter is

shown in Fig. 9 where impedances are:

D(s)

Transimpedance Mode (TIM):

Q __ gr(rgllgr(nll?i’lRin
Z, = (Cf R}(’ll) Rgl)il)l Z,=(G || Rc()lz)zz) L, D(S)
UL SR S C)
2, =R ) 2. = L[ Jeue
BP
Zs=(Cyl | RED D(s)
7, =(c e w2 =.) (s s,
HP _ Y1 OBl RY4 0A1
Where, . D(s)
G=C+ ngl + C)(fll)’ G =G, +C(01;2 ’ [SC’ L j[SC’ LI j
Cg — C’3 + C(()I,ZI + C)Q Y1 OB1 Ry, Ron R,
The routine analysis of Fi in: Visn +g£”lf)“gs"1‘}”
ysis of Fig. 9 results in: 7= D(s)
in S
Voltage Mode (VM): 1 1
(SC{ +R7+ Rj
Q:_gr(rglgr(ril)?l (153) n o8l
I/i D(S) [SC3’+1_+_1J_
( 1 j (1) Ry, Ry, R,
SC+——+—— (&
VBP Y4 ROAI (1 54) C, 1 1 (1)
V D S 3 +R7+R7 gmBl
in (S) Y4 0OA1
VAP +g£ri/)41gl(rfl)?l
I, D(s)

252

) s
|

(156)

(157)

(158)

(159)

(160)

(161)

(162)
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Y1 OB1 Y4 0Al
163
+[SC3+L+ 1 ]gr(rg’l e
Y4 ROAI
+g}(r:2ﬂgr(r3?l
Current Mode (CM):
I, D(s)
L 1 o
sCy+— |g,,
]ﬁ_( 2 ROBJ B2 (165)
[in
IHP — Y1 OBl OBZ (1 66)
I, s)
1
S -
[ j( R, J
(167)
Iﬂz +gm32gmB3
I, D(s)
(SC;+1+1 J[scﬁl ]
Rn ROBI ROBZ
1 (168)
R T
I, D(s)
Transadmittance Mode (TAM):
I/in D(S)*Rin
L 1o
sC, +—
I, 2 ROszgmgz (170)
Vin D(S)*Rin
1 1 1
sC; ++](SC§ +]
Lyp _ Ry Rog Rops (171)
V;n D(S)*Rin

253

(SC; + L+ —1 j(sC; +—1 j
RYl ROBl ROBZ

1 (172
I_= 81828 mb3
V;n D(S)*Rin
(SC;+1+1 J(SC§+1 j
RYI ROBI R0B2
1 (173)
R T
V;n D(S)*Rin
Where,
D(s)=(sC;+RL+RLJ(sC§+R1 )
Y1 OBI1 OB2 (174)

1
s et el

OB2

L= ]iu—b?—|—| 1"

VII'P XB
F /JB
DF XA

'OBI _0“2 '033 OBI:c OBSc
Blc|——p I;yp
FD- (,(,(,IA Opafmmt= I

Blcee)
'0 B2e| }—b | Y
ZA 33::

Y ()Bl 0nzY4 'OAI ‘ Y1 BZ:—-"[BP

PEB AT

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:

Z, (e i a)
7, =(cci w72 )
Zy= (Cg) C(O? | RY23) R(O? I Rl)

7

Zy=(CY)| RY)

|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:

M 1

Vip gniAlgrr:Bl (1+A1)
—_— = (175)
v, D(s)
sC3+—+L gl (1+4)
Vip _ va  Rou (176)
Vi D(s)
(SC; +1+1j
Ry, Rop
(178)
LSC3+1+J(1 4)
Vip __ Ry, Ry,
in D(S)
[Scf +L+ 1]
Ry, Rop
[sq +R1+le_
Y4 0OA1 (179)
(SC; +1+1] fnl};l
Ry, Ry
Vir _ +g0h o
Vi D(s)
[SC{ +L +1j
Ry Rop
(SCé-i-l—i—lJ (1+4,)
Ry, Roy (180)
+gr(r211gr(r}l)?l
Vir _
in D(S)
Where,
4, = gfnzzgzx

D(s):[sC;+L+ 1 j(sC;+L+ 1 J
RY] ROB] RY4 ROAI

1 1
+24, (sC; +R—+ z ]g%l

Y4 041

(181)

+gl(7211g7(1:;1 - Igéq)zé

254

Current mode:

1 50

J )
p _ mB28mB3

= SmBISmB3 182
I,  D(s) e
L ()
sCo+— g,
BP:( ' ROBZJ " (183)
I, D(s)
sC+—+—|| sC,
HP _ Y1 OB1 ROBZ (184)
I, D(s)
(scf+1;+;][sci+;j
Y1 (IO)BI (l) OB2 (185)
Iﬁz +8mB28mi3
in D(S)

(SC; +L + —1 J(SC& +—1 j
RYl ROBI ROBZ

1 (186)
—[scﬁjgs:;ﬁgs;zgf;;
ILP _ ROBz

in D(S)
Where,
D(s)=(sC;+L+LJ(sC§+ ! j
RYI ROBl ROB2
+(1+ 4,)| sC; + 1 jgg;;z (187)
R0B2

+g%23$1)93

and 4, = gf;A)Zg

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

Z,=(CR IRV IR,), 2, =(CE) | RE)

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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Figure 10: Non-ideal equivalent circuit of Fig. 6 with
parasitics.

Voltage mode (VM):
V,» _ gfr:/)ngrgz)ﬂ (l_Al)
——=— (188)
v, D(s)
Lo
sCi+—+— |g,m(1-4
Vp _( ’ Y4 OAIJ Bl( l) (189)
, D(s)
[sC; +1+1]
RYl ROBI
(190)
(SC3’+1+lj(1—Al)
Vi _ Ry, Roy
in D(s)

[sC; + . + lj
RYl ROBl

(sC; + b + lj
RY4 ROAI

+gr(r211gr(r}l)31

(191)

R

= e

D(s)

255

(SCI’ + b + 1}
RYI ROBI

[scﬁulj
RY4 ROAI

(192)
Lo
- sC;+—+ g,
{ ’ Y4 Ro/nj o
Vir +Zin g
7, D(s)
Transimpedance mode (TIM):
e
Vip _ gr(nzllgr(nlllRin (1_ 1) (193)
I, D(S)
[SCé +1+1Jg$1)91Rm (I_Al)
sp _ R,, R,, (194)
I, D(S)
[SC1 +1+1]
Ry, 0Bl
(195)
[SC3++1](1—A1) -
HP _ Ry, Ry
in D(S)
[SC; +1+1]
Ry, Ryp
1 1
sCi+——+——||R,(1-4)
Ry, Ry (196)
+g5211g$1)31
Vir
I, D(s)
[Sq +1+1j
RY] OBl
(SC; +1+1j _
Ry, Ry, R, (197)
(SCQ t——F ]gr(nlz)al
Y4 041
V.p _ +g1(121]gr(nl;1
in D(S)
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4= gfnzzgzg

D(s)= (sC; +L+L)(sC§ +L+L]
RYI ROBI RY4 ROAI

(198)
1 1
+2(1-4)| sC;+—+— | g")
( 1)(S 3 RY4 ROAljgmBl
+g£7l/)11g$1)31 _]E;)Z()
Current mode (CM):
I,  D(s)
sCy + ! g(lz)?z
L _ Rog, )" (200)
I, D(s)
(SC’1+1+1 J(SC’2+1 j
[HP — RYl ROBI ROB2 (201)
I, D(s)
(SC’1+1+1 j[sC’erl ]
Y1 ROBI ROBZ (202)
]ﬂ: +g£nlz)azg;$1)93
I, D(S)
(sCi + 1+1j(sC’2 + 1]
1{Yl 1{OBI ROB2
1 (203)
(cj 0+ g0,
]i: ROBZ
I, D(s)
Transadmittance mode (TAM):
V., D(s)*R,
L1 o
sC+—— g,
Ly OBJ " (205)
v, D(s)*R,

sC; + . + IJ [SC’2 + 1]
HP _ RYI 1{OBI ROBZ (206)

n

N~

o~

(sC’l +L+—1 ]{SC’z +—1 ]
RYI l{OBI Rosz

(207)
]ﬁ: +g$1)32g;(711)93
I/in D(S)*Rin
(sCi + 1+1](SC’2 + 1]
RYl ROBl ROB2
1 (208)
s Jeth bl
Ii: ROBZ
I/in D(S)*Rin
Where,
D(s)z[sC{+L+L][sC§+ ! J
RYl ROBI ROBZ
+(1+4,) sC;+L g\ (209)
ROB2

+g£nlgzzg£nlg?3

— o2
and 4, =g, | Z,
The above eqgns. (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 C,,C,, and

Rxg1 T =Tin — T = Igr
Vap X5 -051-081-Op3  Opiec Opac
74 Zy Og1¢ » Igp
FD-CCCTA Ogm »I1p
= RXa XA L cf‘:-l >
7 © i e
Zs Y; Op; Op: Yy -Op1 Y, Y3082 > Igp

Vepo— Vip —
- Zl Zz Z3 D
? 26

Y: Xa
—E FD-CCCTA 0y
Ree [ @ 2
VAP [ )?.J.z XB ZA |

ZIDE Tim =Iin 1

ZB Y] Y3 OB
— Vi Zy
Z; Zs

Figure 11: Non-ideal equivalent circuit of Fig. 7 with
parasitics.



D. Singh et al.; Informacije Midem, Vol. 52, No. 4(2022), 239 - 262

C3 .While parasitic resistances, except R, can be easily
neglected as it is high valued in the order of few MQ.

5 Comparative analysts

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 @, and Q, is not possiblein [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

"uu'f

ﬂ[JJlIII I

I\HWH 0 M MRATAE

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

180 nm technology. The DC biasing levels of FD- CCCTA
are taken asV  ,=1.2V,V, =-1.2V, pr=V 0, |b|as1
uA, L =20pA,and |, =1, =50 pA. Table 1 gives the
aspect ratios of the transistors. The non-shadow filter of
Fig. 3 isimplemented with passive components chosen
asC,=C,=C,=1pFandR_=1Q.Fig. 12 shows the lay-
out of the mixed-mode universal filter of Fig. 3, which
occupies an area of 158.5 um x 76.3 um. 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-
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o
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(3_20- ...;zre_—layi'ml E
-- Post-layout =
40] —Taeal B
-60 — T -400
10 1k 100k 10M 1G

Frequency (Hz)
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.
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Figure 14: Simulated results of shadow CM and TAM Figure 15: Simulated results of the VM shadow filter
(Fig. 7) (a) gain responses of the LP, HP, BP, BR (b) gain, (Fig. 6) (a) tuning of fo due to capacitor value C, (b) tun-
and phase response of the AP filter. ability of Q, and gain due to A..

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

Ref. [No. & type of| No. of passive [Matching| Simultaneous responses obtained |Independent| Electr- Fully Cas-
active elements (R/C), {Input Imp./ Output Imp.} tuning of @, [ onic cadable

elements | All grounded . &Q, tuning
used elements
(Yes/No)
3. 2, FDCClI 4/2,No Yes UF {H/H} |LP, BP, HP|LP, BP, HP, |UF {H/H} Yes No 1.32 No
{H/H} BR {H/H}
4, 3, CCCCTA 0/2, Yes No LP, BP, HP,|UF {H/H} |LP, BP, HP |LP, BP, Yes Yes 1.99 No
BR {H/H} {L/H} HP {L/H}
5. 4, OTA 0/2, Yes No LP, BP, HP |LP, BP, HP|LP, BP, HP |LP, BP, No Yes NA No
{H/H} {H/H} {H/H} HP {H/H}
6. 6, OTA 1/2, No No UF {L/H} |BP, HP BP, HP, BR|UF {H/H} No Yes 1.57 No
{L/H} {H/H}
7. 3,DDCC 4/2,No Yes UF {H/H} |LP, BP, HP|LP, BP, HP |UF {H/H} Yes No NA No
{H/H} {H/H}
8. 3,DVCC, 0/2, 6 MOSs, Yes LP, BP, BR |LP, BP, HP|LP, BP, HP |LP, BP Yes No NA Yes
6 MOS Yes {H/L} {H/H} {L/H} {L/L}
9. 3,0TA 0/2, Yes No UF {H/H} |UF {H/H} |UF {H/H} |UF {H/H} No Yes 0.075 No
3, Diff. OTA
10. |3,FTFEN 3/2,No No LP, BP, HP |LP, BP, HP|LP, BP, HP |LP, BP, No No NA No
{L/H} {L/L} {L/L} HP {L/H}
11. |1, FDCCII 3/2,No No UF {L/H} |BP, HP BP, HP, BR|UF {H/H} Yes No NA No
{L/H} {H/H}
12. |5, MCCClI 0/2, Yes No LP, BP, HP |LP, BP, HP |LP, BP, HP |LP, BP, Yes Yes NA No
{L/H} {H/L} {H/H} HP {H/H}
This |1, FDCCCTA 1/3, Yes No LP, BP, HP |UF {H/H} |UF {H/H} |LP, BP, Yes Yes 1.9 No
work |(Fig. 3) {H/H} HP {H/H}

258
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Table 4: Comparative analysis with the existing different modes of shadow filters.

No. & type of | No. of passive Simultaneous responses obtained | Independent |Electronic| Power | Fully Cas-
active elements (R/C), {Input Imp./ Output Imp.} tuning of w, cadable
elements used | All grounded &Q,
elements
(Yes/No)
13. |4, CFOA 7/2,No HP {H/H} |- [ |ee 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,|----— |- |- Yes No NA Yes
BR {H/L}
16. 3,0TRA 11/4, No LPRBP |- [ |- No No NA No
{H/H}
17. 3,VDDDA 1/2, Yes UF {H/H} |- |- |- Yes Yes NA No
18. 4,DDCC 5/2, Yes LP,BP,HP |- [~ | Yes No NA No
{H/H}
*19. |2, OP-AMP 2/2,No LP,BP, HP,|----— |- |- NA NA NA No
BR {NA}
20. 2,DDCC 2/2,Yes BP{L/H} |- | | Yes Yes NA Yes
1, Amplifier
21. 2,CDTA 0/2,No |- | BP {L/H} |----—- Yes Yes NA Yes
1,CA
22. 3,CDTA 1/2,Yes  |—— | LP, BP(C), |- Yes Yes 5.9 No
HP(C)
{L/L}
23. 4, ECClI 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) |- Yes No 7.79 No
{H/L}
26. 2,CDTA1,TA  (1/2,Yes  |-—— |- LP(R), BP |------ Yes Yes 21.2 No
{L/L}
27. 3,CC-CDCTA  |0/2,N0 |- | UF {L/H} |- Yes Yes 2.23 Yes
1, CClI
28. 1,CCCTA, 1,10/2,Yes |- |- UF {L/H} |------ Yes Yes 4.1 Yes
EX-CCCTA
*29. |4,0FCC 5/2,No |- BP{H/H} |------ BP {L/L} [No No NA Yes
This |2, FDCCCTA 0/3,4 MOSs, Yes |LP, BP, HP,|------ UF {H/H} |------ Yes Yes 3.7 No
work |(Fig. 6) AP {L/H}
2, FDCCCTA 1/3,4 MOSs, Yes  [LP, BP, HP,|UF{H/H} |UF {H/H} |LP, BP, No
(Fig.7) AP {H/H} HP, AP
{H/H}

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.

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 II(;;) = |g21) =40
WA, R, = R, = 1.38 kQ. 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 f  and the Q

259

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

The tunability of f along with BW for constant Q can be
obtained by varying C, = C, = 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 f s are obtained as 46.45 MHz, 23.19 MHz, and
11.75 MHz vis-a-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-a-
vis the calculated BWs are 46.68 MHz, 23.34 MHz, and
11.66 MHz, respectively. Fig. 15 (b) shows the tunability
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of the quality factor along with the gain of the BP filter

by the variation of gain A, i.e,, varying gr(nzB) in line with
(46). The resulted quality factors are 0.8, 1.1, 1.3 and the

gainsare-1.2dB, +1.4 dB, +3.7 dB for | ézl) =40 pA, 200
pA, and 400 pA, 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.

) 20
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-204
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T

‘60 T T T
100k 1M 10M  100M
Frequency (Hz)

1G

20

Gain (dB)
)
: i
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-60
100k

10M  100M
Frequency (Hz)

1M 1G

Figure 16: Monte Carlo simulation for 200 runs for BP
output response (a) VM and TIM (b) CM and TAM.
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Number = 200
609 Mean = 37.1 M1z
| std. Dev. = 2.7 MHz

No. of Samples

25 30 35 40 45 50 55 60
Center Frequency (MHz)

Number = 200
60 Mean = 37.76 MHz
|std. Dev. = 2.9 MH

No. of Samples
N 8 B

25 30 35 40 45 50 55 60
Center Frequency (MHz)
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 1.2V £ 10 %. Whereas, tem-
peratures have been taken as -40 °C, 27 °C, and 125 °C
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
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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.

variant of FD-CClII, 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 (w),
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.

8 Conflict of interest

The authors declare that there is no conflict of interest
for this paper. Also, there are no funding supports for
this manuscript.

261

(a) 5
—— High-pass
44 <=+ Low-pass
& B
o)
) o L
© 21
14
0 L] L]
10 200 400 600
Vin (mA)
(b) S
—High-pass
41 ..... Low-pass
=]
=
=
0 L] L] L L
10 200 400 600 800 1000
Iin (pA)

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

9 References

1. M. Parvizi, “Design of a new low power MISO mul-
ti-mode universal biquad OTA-C filter,” Int. J. Elec,
vol. 106, no. 3, pp. 440-454, 2018,.

2. M. Kumngern, P. Suwanjan, K. Dejhan, “Electroni-
cally tunable voltage-mode universal filter with
single-input five output using simple OTAs,” Int. J.
Elec, vol. 100, no. 8, pp. 1118-1133, 2012.

3. B. Chaturvedi, J. Mohan, A. Kumar, “A new versa-
tile universal biquad configuration for emerging,
signal processing applications,” J.Circ. Syst. Comp,
vol. 27, no. 12, pp. 1-28, 2018..

4.  H.P Chen, W.S.Yang, “Electronically tunable cur-
rent controlled current conveyor transconduct-
ance amplifier-based mixed-mode biquadratic
filter resistorless and grounded capacitors,” Appl.
Sci, vol. 7, pp. 1-22, 2017.

5. MA. lbrahim, “Design and analysis of a mixed-
mode universal filter using dual-output operational
transconductance amplifiers (DO-OTAs). Proceed-
ings of the international conference on computer
and communication engineering, pp. 915-918, 2008.

6. M. Kumngern, S. Junnapiya, “Mixed-mode univer-
sal filter using OTAs,” Proceedings of the 2012 IEEE



D. Singh et al.; Informacije Midem, Vol. 52, No. 4(2022), 239 - 262

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

international conference on cyber technology in
automation, control and intelligent systems, pp.
119-122,2012.

W.B. Liao, J.C. Gu, “SIMO type universal mixed-
mode biquadratic filter.” Indian Journal of Engi-
neering & Materials Sciences, vol. 18, pp. 443-448.
S. Minaei, M.A. Ibrahim, “A mixed-mode KHN-
biquad using DVCC and grounded passive ele-
ments suitable for direct cascading,” Int. J. Circ.
Theor. Appl, vol. 37, no. 7, pp. 793-810, 2009.

M. Parvizi, A. Taghizadeh, H. Mahmoodian, Z.D.
Kozehkanani, “A low-power mixed-mode SIMO
universal g,C filter,”J. Circ. Syst. Comp, vol. 26, no.
10, pp. 1-16, 2017.

N.A. Shah, M.A. Malik, “Multifunction mixed-
mode filter using FTFNs,” Analog Integr. Circ. Sig.
Process, vol. 47, pp. 339-343, 2006.

C.N. Lee, C.M. Chang, “Single FDCClI-based mixed-
mode biquad filter with outputs,” AEU-Int. J. Elec-
tron. Comm., vol. 63, pp. 736-742, 2009.

L. Zhijun, “Mixed-mode universal filter using MC-
CCII” AEU-Int. J. Electron. Comm, vol. 63, pp. 1072-
1075, 2009.

M.T. Abuelma’atti, N. Almutairi, “New CFOA-based
shadow bandpass filter," In: 15" international con-
ference on electronics, information, and commu-
nications, 2016.

M.T. Abuelma’atti, N. Almutairi, “New voltage-
mode bandpass shadow filter,” In: 13 interna-
tional multi-conference on systems, signals & de-
vices, pp. 412-415, 2016.

M.T. Abuelma’atti, N.R. Almutairi, “New current-
feedback operational amplifier based shadow fil-
ters,” Analog Integr. Circ. Sig. Process, vol. 86, pp.
471-480, 2016.

R. Anurag, R. Pandey, N. Pandey, M. Singh, M. Jain,
“OTRA based shadow filters,” Annual IEEE India
Conference, 2016.

P. Huaihongthong, A. Chaichana, P. Suwanjan, S.
Siripongdee, W. Sunthonkanokpong, P. Supavarasu-
wat, W. Jaikla, F. Khateb, “Single-input multiple-out-
put voltage-mode shadow filter based on VDDDAs,"
AEU-Int. J. Electron. Commun, vol. 103, pp. 13-23.

F. Khateb, W. Jaikla, T. Kulej, M. Kumngern, D.
Kubanek, “Shadow filters based on DDCC," IET Cir-
cuits Devices Syst, vol. 11, pp. 631-637, 2017.
S.C.Roy,“Shadow filters: a new family of electronically
tunable filters,” IETE J. Edu, vol. 51, pp. 75-78, 2010.

A. Yesil, F. Kacar, “Band-pass filter with high qual-
ity factor based on current differencing transcon-
ductance amplifier and current amplifier” AEU-
Int. J. Electron. Commun, vol. 75, pp. 63-69, 2017.
A. Yesil, F. Kacar, S. Minaei, “Electronically controllable
bandpass filters with high quality factor and reduced
capacitor value: an additional approach” AEU-Int. J.
Electron. Commun. vol. 70, pp. 936-943, 2016.

262

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

M. Atasoyu, H. Kuntman, B. Metin, N. Herencsar,
0. Cicekoglu, “Design of current-mode class 1 fre-
quency-agile filter employing CDTAs,” European
conference on circuit theory and design, 2015.

M. Atasoyu, B. Metin, H. Kuntman, N. Herencsar,
“New current-mode class 1 frequency-agile filter
for multi-protocol GPS application,” Elektronika IR
Elektrotechnika, vol. 21, pp. 35-39, 2015.

D. Nand, N. Pandey, “New configuration for OFCC-
based CM SIMO filter and its application as shadow
filter,” Arab. J. Sci. Eng. Vol. 43, pp. 3011-3022, 2018.
N. Pandey, R. Pandey, R. Choudhary, A. Sayal, M.
Tripathi, “Realization of CDTA based frequency
agile filters,” IEEE international conference on sig-
nal processing computing and control, 2013.

N. Pandey, A. Sayal, R. Choudhary, R. Pandey, “De-
sign of CDTA and VDTA based frequency agile fil-
ters,” Adv. Electron, pp. 1-14, 2014.

D. Singh, S.K. Paul, “Realization of current-mode
universal shadow filter,” AEU-Int. J. Electron. Com-
mun, vol. 117, pp. 153088, 2020.

D. Singh, S.K. Paul, “Improved current-mode bi-
quadratic shadow universal filter,” Inf. MIDEM-J.
Microelectron. Electron. Compon. Mater, vol. 52,
no. 1, pp. 51-66, 2022.

D. Nand, N. Pandey, V. Bhanoo, A. Gangal, “Opera-
tional floating current conveyor based TAM & TIM
shadow filter, Proceedings of 4" international
conference on computer and management ICCM,
pp. 103-115, 2018.

F. Gur, F. Anday, “Simulation of a novel current-
mode universal filter using FDCClls,” Analog In-
tegr. Circ. Sig. Process, vol. 60, pp. 231-236, 2009.
Y. Lakys, A. Fabre, “Shadow filters-new family of
second order filters,” Electron Lett, vol. 46, no. 4,
pp. 985-986, 2010.

V. Biolkova, D. Biolek, “Shadow filters for orthogo-
nal modification of characteristics frequency and
bandwidth,” Electronics Letters, vol. 46, no. 12, pp.
830-831, 2010.

M. Kumngern, T. Nonthaputha, F. Khateb, “Arbitrary
waveform generators using current-controlled
current conveyor transconductance amplifier and
current conveyor analog switches,” J. Circ. Syst.
Comp, vol. 28, no. 11, pp. 1950179, 2019.

(OOl

Copyright © 2022 by the Authors.
This is an open access article dis-
tributed under the Creative Com-

mons Attribution (CCBY) License (https://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Arrived: 31.07. 2022
Accepted: 24.11. 2022



