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Abstract: This study presents an electronically tunable low-voltage mixed-mode universal biquad filter. The proposed filter
employs only three current controlled current conveyor trans-conductance amplifiers (CCCCTAs) and two grounded
capacitors. The proposed filter can realise low pass, band pass and high pass responses in all the four possible modes, that is,
voltage-mode, current-mode, trans-admittance-mode and trans-impedance-mode from the same configuration. The filter can
also realise regular notch, low-pass notch, high-pass notch and all pass responses in current and trans-admittance-mode, with
interconnection of relevant output currents. The filter parameters namely pole frequency, quality factor, bandwidth and filter
gains can be tuned electronically. Moreover, the circuit parameters such as pole frequency and quality factor can be
simultaneously current controlled without affecting bandwidth. Effects of non-idealities and parasitic are also discussed. The
circuit possesses low active and passive sensitivity and can be operated at low power supply (+1 V). The validity of the
proposed filter is verified through computer simulations using PSPICE, the industry standard tool. Possible experimental setup

for CCCCTA using commercial available integrated circuits is further discussed.

1 Introduction

In the past several decades there has been a great attention on
designing current-mode (CM) and voltage-mode (VM) active
filters using different active elements [1—17]. In some
analogue signal processing applications, however, there
arises need of voltage to current converter (V—1I) interface
or current to voltage converter (/—V") interface circuits to
connect the VM circuits with the CM circuits. Thus, the
trans-admittance [18] or trans-impedance mode [19] will be
required in conversion between VM and CM. Therefore it
is essential to have such type of filter topology that can
realise the standard filter functions in CM (i.e. both input
and output as current), VM (i.e. both input and output as
voltage), trans-impedance mode (i.e. input as current and
output as voltage) and trans-admittance mode (i.e. input as
voltage and output as current) from the same topology.
Such type of filter topology is called mixed-mode filter
circuit. Mixed-mode filter circuits [20—29] can be classified
either as multiple-input type or single-input type. However,
most of these structures are multiple-input type [20—25],
which can realise one standard filter function in one mode
at a time. In some applications, however, simultanecous
outputs of many different filter functions may be required
and a very little work has been done in the domain of
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single-input-type mixed-mode filters [26—29]. Comparison
of previous reported single-input-type mixed-mode filters
[26—29] using different active elements such as current
feedback operational amplifier (CFOA), current controlled
current conveyor (CCCII), fully differential current conveyor
(FDCCII) are made in Table 1. A careful investigation of
literature on mixed-mode filter with single-input type [26—29]
(Table 1) reveals that no work is available which realises low-
pass notch (LPN) and high-pass notch (HPN) along with all
five standard filter functions (low pass (LP), high pass (HP),
band pass (BP), regular notch (RN) and all pass (AP)) at least
in any one of the four modes and provide the feature of
availability of input voltage at high input impedance terminal
in voltage and trans-admittance mode. This paper presents an
electronically tunable low-voltage mixed-mode universal
biquad filter employing only three current controlled current
conveyor trans-conductance amplifiers (CCCCTAs) and two
grounded capacitors. The proposed filter can realise LP, BP
and HP responses in CM, trans-admittance mode, trans-
impedance mode and VM. The filter can also realise RN,
LPN, HPN and AP responses in current as well as trans-
admittance mode, with interconnection of relevant output
currents. The mixed-mode filter exhibits low active and
passive sensitivities, within one in magnitude. Additionally,
the filter parameters namely pole frequency, quality factor,
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Table 1 Comparison of previous reported single-input-type mixed-mode filters

Related No. of components Functions performed Realisation Orthogonal Input
works used from the tunability of voltage at
same wo, Q and high input
Active R C Current Voltage Trans- Trans- configuration wy/Q impedance
elements mode mode admittance  resistance
mode mode
[26] 4 CFOAs 9 2 LP,BP,HP, LP,BP, HP, LP, BP, LP, BP, HP, no no no
RN, AP RN, AP HP, RN, AP RN, AP
[27] 4 CCClls - 2 LP,BP, HP, BP, LP LP, BP, HP, BP, LP yes yes no
RN, AP RN, AP
[28] 5 MCCClls - 2 LP,BP,HP LP,BP, HP LP, BP, HP LP, BP, HP yes yes no
[29] 1 FDCCII 3 2 BPHP LP, BP, HP, BP, HP LP, BP, HP, yes yes no
RN, AP RN, AP
present 3CCCCTAs - 2 LP,BP,HP, LP,BP,HP LP,BP,HP, LP, BP, HP yes yes yes
work RN, AP RN, AP

bandwidth and filter gains can be tuned electronically.
Moreover, the circuit parameters such as pole frequency and
quality factor can be simultaneously controlled electronically
without affecting bandwidth. The performances of the
proposed circuit are illustrated by PSPICE simulations.

2 CCCCTA descriptions

CCCCTA is relatively new active element [30] and has
received considerable attention as CM active element,
because its trans-conductance and parasitic resistance can
be adjusted electronically, hence it does not need a
resistor in practical applications. This device can be
operated in both current and VMs, providing flexibility. In
addition, it can offer the advantages associated with
CM active elements. For instance, a CM commercially
available chip AD844 has slew rate of around 2000 V/us
and a unity gain bandwidth of 60 MHz. All these
advantages together with its CM operation make the
CCCCTA a promising choice for realising active filters
[30]. The CCCCTA properties can be described by the
following equations

Vi =Vyi + IRy,
[iO = i_gmiVZi

IZi = IXi’ I Zi — _IXi

- (D

where Ry; and g,,; are the parasitic resistance at X terminal
and trans-conductance of the ith CCCCTA, respectively. Ry;
and g,,; depend upon the biasing currents /p; and Ig; of the
CCCCTA, respectively. The schematic symbol of CCCCTA
is illustrated in Fig. 1. For BJT model of CCCCTA [30]

—
Vy ¥ ol—=lp

—* x -o—*lo

Fig. 1 CCCCTA symbol
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shown in Fig. 2, Ry; and g,,; can be expressed as

[Si
20,

v
Ry =1

@

3 Proposed filter circuit

The proposed mixed-mode universal biquad filter is shown in
Fig. 3. It is based on three CCCCTAs and two grounded
capacitors. If Vi, =0 and [;, is taken as input signal, the
proposed circuit as shown in Fig. 3 yields the four current
transfer functions at current outputs /(s), I>(s), I3(s) and
I4(s) and three trans-impedance-mode transfer functions at
voltage outputs Vi(s), Va(s) and F3(s), as described in
Table 2. The four current transfer functions obtained are

1y(s) _ 32C1 Cy Ry Ry, 3)
L(s)  s2CiCyRy Ryy + SCyRy3 + g,nRy3
IZ(S) — gmzRX?) (4)
L(s)  s2CiCyRy Ryy + SCyRy3 + g,nRy3
13(S) — _SCZ gmlRXZRX3 (5)
L(s)  s2CiCyRy Ryy + SCyRy3 + g,nRy3
1,(s) _ 52C1 GoRyoRy3 (©6)

Iy(s)  $°CyCyRy Ryy + sCyRy3 + 8,0 Ry

Equations (3) and (4) represent the current transfer functions
of unity gain HP and LP filter function, respectively.
Equations (5) and (6) represent the current transfer
functions of inverted BP and HP filter function with
electronically controlled gain, respectively, and can be
formulated by

R I
and H,=-2=8L ()

I
Hy =g, Ry, = R ]
X1 B3

St
41,
It can be seen that the filter circuit can simultaneously
realise the LP, BP and two HP transfer functions (one
having unity gain and other having variable gain) at current
outputs of Ir(s), I3(s), I;(s) and I4(s), respectively. The RN
transfer function can be easily obtained by simply
connecting /,(s) and I5(s) together. The AP transfer function
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Fig. 3 Proposed mixed-mode universal biquad filter
Table 2 Input conditions and various functions realised
Input conditions Vin =0, I, is input signal ln =0, Vi, is input signal
Filter function Current mode Trans-impedance mode Trans-admittance mode Voltage mode
HP I1(s) and I4(s) Va(s) I1(s) Va(s)
LP h(s) Vo(s) h(s) Va(s)
BP hK(s) Vi(s) I(s) and Ly (s) + I4(s) Vi(s)
RN I1($) + IZ(S) l1(s) + Iz(s), for IB'I = IB3
AP 11(8) + h(s) + K(s), for Ig; = 4lg, h(s) + L(s) + ks(s), for Isq = 4lg; and Igy = Igs
LPN I (s) + Ia(s), for Iz, < Ig3 h(s) + L(s), for I < Igs
HPN Io(s) + I4(s), for Igq > Ip3 I1(s) + b(s), for Igy > Ig3

can also be easily obtained by simply connecting 7;(s), 1>(s)
and (s) together with Ig; = 41z,. Moreover, LPN and HPN
filter functions can also be realised by simply connecting
I(s) and I4(s) together by maintaining the conditions
Ig < Ip3 and Ipy > Ips, respectively. In addition to above
current transfer functions, three trans-impedance-mode
transfer functions (BP, LP and HP) are simultaneously
obtained as

Vi(s) _ SC Ry Rys
L,(s)  s2CiCyRy Ryy + SCoRy3 + g, Ry

®)
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V5 (s) _ Ry
L(s)  s2CiCoRy Ryy + 5CoRy3 + g0 Ry

)

V3(s) _ 5°CiCyRy Ry, Ry
L,(s)  s2CiCyRy Ryy + SCyRy3 + g,0R 3

(10)

Similarly, if I, =0, and Vj, is taken as the input signal,
the proposed circuit as shown in Fig. 3 yields the four
trans-admittance-mode transfer functions at current outputs
1,(s), Ir(s), I53(s) and I4(s) and three VM transfer functions
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at voltage outputs Vi(s), V>(s) and F3(s), as described in
Table 2.
Three VM transfer functions obtained are

V](S) _ SCZRXZ (11)
Vi)  s2CiCyRy Ryy + SCyRy3 + g,0R 3
Vs(s) _ 1 (12)
Vi) s2CiCyRy Ry + SCyRy3 + g,0R x5
V3(s) _ s° CiGRy Ry, (13)

Vi) s2C,CyRy | Ryy + SCyRy3 + g,nRy3

The four trans-admittance-mode transfer functions in this case
are

1,(s) _ Szcl CRy, (14)
Vi) s2CyCyRy Ry, + SCRy3 + guoRys
L(s) _ Em2 (15)
Vi) s2C1CyRy Ryy + SCyRy3 + g,0R 3
L(s) _ —SC Ry 8 m (16)
Vi) s2C1CoRy Ry + SCyRy3 + g,0R 3
I(s) —(Cy5 + 8u02) (17)

Vis(s) — 82CyCyRy Ryy + SCyRy3 + g0 Ry3

Equations (11)—(13) represent the voltage transfer functions
of BP, LP and HP filter function, respectively. Equations
(14) and (15) represent HP and LP filter functions and (16)
represents inverted BP filter function in trans-admittance
mode. Additional responses in trans-admittance mode
namely RN and AP can be easily obtained by connecting /;
and I, (by keeping Iz = Ip3) for RN and /,, [, and /3 (by
keeping Ip; = Ip; and Ig; = 4lp,) for AP response. LPN
and HPN can also be easily obtained by connecting /; and
I, together and maintaining the condition Iz} < Ip; and
Ip1 > I3, respectively. Another inverted BP response in
trans-admittance form can also be obtained by simply
joining I, and I;. The pole frequency (w,), the quality
factor (Q) and bandwidth (BW) w,/Q of filter in each mode
can be expressed as

o — &mRx3 a” 0= Ci gmRx 1 Ryy (72
? CiCRy Ry, ’ CyRys3
, R
d BW=—2—_"X3
o O  CiRy Ry,

(18)

Substituting intrinsic resistances as depicted in (2), it yields

1/2 1/2
w, = 1 (131132[sz>( /2 0= 1 (ﬁlsﬂm)( 2 (19)
* Vr \UgCi G 2\Cy Ipi I,

From (19), by maintaining the ratio /; and I, to be constant,
it can be remarked that the quality factor can be adjusted by
Ips and Ig, without affecting the pole frequency. In

addition, bandwidth (BW) of the system can be expressed by

BW — Wo _ 3131132
0  VripG

Equation (20) shows that the bandwidth can be controlled by
either I, or I, linearly. It can also be controlled by /p3. From
(19) and (20), it is clear that parameters w, and Q can be
simultaneously controlled electronically by adjusting bias
current /s, without disturbing parameter w,/Q.

(20)

4 Influence of CCCCTA parasitic elements
and non-idealities

4.1 Influence of CCCCTA parasitic elements

In this section, the performance of the proposed mixed-mode
filter circuit in the presence of various parasitic elements in
CCCCTA is to be considered. A practical CCCCTA, like
any active element, shows various ports parasitic. These are
port Y parasitic in the form of Ry//Cy;, port Z parasitic in
the form of Ry//Cy;, port O parasitic in the form of R/
Co; and port X parasitic in the form of Ly; in series to Ry;
where i = 1, 2, 3 and indicate ith CCCCTA. The effects of
these parasitic elements on filter response depend strongly
upon the circuit topology. In the presence of these parasitic
elements, the proposed mixed-mode filter as shown in
Fig. 3 can be transformed to Fig. 4. The inductance (Ly;) is
ignored as it affects the response at very high frequency.
Assuming that min(C;, C,) > parasitic capacitances(Cy;,
Cz and Cy,), we can obtain that

R

2y = o Cr [Co) [Rraf [Rr) = (s

2h

R
L=Cl ke = ey @

Rb
(1 +sC4R;)
(23)

Z3 = (COZ//CZZ//CYI)//(ROZ//RZ2//RY1) =

where

R, =Ry,//Rz = s Ry = (Rpa//Rz//Ryy)

and G, = (Cpp//Cz2//Cy1)
(24)

On reanalysing the proposed mixed-mode filter, taking into
account the above parasitic effects, we obtain the following
CM transfer functions at current outputs [i(s), I(s), :(s)
and /4(s) and trans-impedance-mode transfer functions at
voltage outputs Vi(s), V>(s) and V3(s), by applying Vi, = 0
and [;, as input current (see (25)—(31)).

1i(s) _ Ry \Rx223

Ry Ry Ry (1 + sC R (1 + sCyR,)

I,(9)  Z\Z3Ry3 + Ry \Ryy Zy + €,nRis 2, 2y Zy + Ry RyyRys D(s)
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Fig. 4 Proposed mixed-mode universal biquad filter including the parasitic elements of the CCCCTA

3

where
n = Ry Ry, Ry3(CoRz, + CyR, + CiR,) (34)
D(s) = ms® + ns +p (32) + Ry Ry, R(CyR,, + C1R,) + RysR, R R, C,y
m, n and p can be expressed by (33)—(35)
P =RRyRy3 + Ry \Ry) R, + Ry Ry, Ry3
m = RXlRXZRaRbCI (RZZ CZ + CbRX3) + gmszzRaRbRXj, (35)
+ Ry 1Ry, Ry3R7 Co(C R, + CyRy)
+ SRy Ry Ry3 R Ry R 7, C, €, G (33) The pole frequency and quality factor of the proposed filter in
L(s) _ EmRx32,2,Z; _ 8mRx3RRyR 7, (26)
Lin(s)  Z\Z3Ry3 + Ry \RyyZy + 8,nRy3 212,25 + Ry Ry Rys D(s)
L(s) _ —8mRxrRx32,Z; _ —Zm R 2R3 R Ry (1 +5CR,,) 27)
Liy(s)  Z1Z5Ry3 + Ry \RyyZs + €,nRy3 212,25 + Ry Ry Ry D(s)
1,(s) _ Ry Ry3Z5 _ Ry, Ry3R,(1 + sCR,)(1 + sCyRy,) (28)
Lin(s)  Z1Z3Rx3 + Ry RyyZ5 + €ypRy3 2, 2,25 + Ry Ry Ry D(s)
Vi(s) _ Ry3Rx,23Z, _ Ry, Ry3R Ry(1 + sCyR ;) (29)
Lin(s)  Z1Z3Rys + Ry Ry2Zy + gunRx3Z12,7Z5 + Ry | Ry Ry D(s)
V5 (s) _ Ry32,Z,Z; _ Ry3sR,R Ry (30)
Lin(s)  Z1Z3Rys + Ry Ryy 25 + €,nRx3 212525 + Ry Ry Ry D(s)
V3(s) _ Ry 1Ry Ry 24 _ Ry 1Ry, Ry3Ry(1 + sC R (1 +5CyR ) 31)
Lin(s)  Z1Z3Rys + Ry 1Ry Zy + 8, Rx3 212,25 + Ry Ry Ry D(s)
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the presence of parasitic elements are changed to

1+ 1 Ry Ry, Ry Ry,
.« _ 8RRz  RRp&wRys R RRpEm0
Po = %o 1+RX3Cb+RX3+RX3Cb+ Ro.C
== 24 == —+s
R, G, R, R, C R
(36)
(see (37))

where w, and Q are pole frequency and quality factor of the
proposed filter, respectively, in ideal case and given by the
expressions in (18). For the value of C, smaller than 5 pf
and that of R,, R, and Ry, are larger than 100 K(), so Cj,
C,, Ryi, Ry, and Ry; are chosen under the following
relations: C, < min(Cy, C,) and R,, R, Rz > max(Ry,
Ry», Ry3). Therefore we can obtain

. 1
@o = Co T L W2RE, (38)
0" =01 + wRLC (39)

From (38) and (39), it is clear that when considering the
effects of parasitic elements, the pole frequency is less than
the one, in ideal condition, namely w; < w, and the quality
factor is higher than that in the ideal one (Q° > Q). If
wRx3Cp, < 1, the effects of parasitic elements of CCCCTA
can be ignored.

4.2 Influence of non-idealities

Taking the non-idealities of CCCCTA into account, the
relationship of the terminal voltages and currents can be
rewritten as follows

Vi=BiVyi + iRy, 1 = ayly;
(40)

Iz = —ay,ly,

IiO = i ’Yigmi VZi

where B;=1-—¢, and e, (le,; K1) represents the
voltage tracking error from Y to X terminal, and a,; = 1 — g,
and &,; (&, < 1) represents the current tracking error from X
to +Z terminal and «,,=1-—¢, and g, (le.] K1)
represents the current tracking error from X to — Z terminal and
v; is the trans-conductance inaccuracy factor from Z to O
terminal. The non-ideal analysis of the proposed filter in Fig. 3
yields the denominator of the transfer functions in each mode as

D(s) = s C,CyRy Ry, + @120 B1 BrSCyRy3

In this case, the w, and Q are changed to

o — <ap1apzﬁ1ﬁz7’2 gmsz)(l/z)
’ CiGRy Ry,
(42)

1/2)
0= 1 (427 Ci &R Ry
@,1 B1BCoR s

)

The active and passive sensitivities of the proposed circuit, as
shown in Fig. 3, can be found as

Swo — _l Wo — 1
C1.Co.Rx 1Ry, 27’ gm2Rxs T 9
(43)
W, _ l S“’a —
1. B1B Y, T D0 @2,3,Y1,Y3:B3:8m1:8m3
s¢ Lo !
Ry3:Coap BB — 92 Ry 1:Rx2:8m2:C1o02:72 — 9 (44)

§¢ =—1, s¢

L) @3,Y1,Y383:8m1:8m3

From (43) and (44), it can be observed that all the sensitivities are
low and within one in magnitude.

5 Simulation results

To verify the theoretical analysis of the proposed filter circuit
in Fig. 3, PSPICE simulation had been used. In the
simulation, the CCCCTA was implemented using BIJT
model as shown in Fig. 2, with the transistor model of
HFA3096 mixed transistors arrays [31]. The PSPICE model
parameters are given in Table 3. Using the PSPICE
simulation, the —3 dB bandwidths of the CCCCTA from
port Z to port X (I/Iy) and from port O to port X (Io/ly)
were determined as 300 and 253.4 MHz, respectively.
To obtain f, = w,/27m= 1.134 MHz at O =1, the active
and passive components were chosen as Ip; = Iz =
133 =60 },LA, ISI = 153 =220 }LA, 132 =240 }LA and
Cy=C,=0.65nf. Fig. 5 shows the simulated gain
responses of the LP, HP, BP, RN and AP of current and
trans-admittance-mode filter of Fig. 3. Fig. 6 shows the
simulated gain responses of the LP, BP and HP of voltage
and trans-impedance-mode filter of Fig. 3. Fig. 7 shows the
current gain and phase response of AP filter. The supply
voltages were Vpp = —Vgg = 1V. The simulation results
show the simulated pole frequency as 1.06 MHz, that is,
approximately 6.5% in error with the theoretical value. This
discrepancy is quite justifiable with the discussion in
Section 4. The power dissipation of the proposed circuit for
the above design values was found as 4.84 mW. Table 4
shows the calculated values of /3 (Ry3) and corresponding
ideal and simulated values of pole frequency. It is observed
that when Ry3 is large (/z; is small), the simulated pole
frequency is lower than the one in ideal condition. When
Ry is small (=216 (), the simulated pole frequency is
close to the one in ideal condition. Figs. 8 and 9 show the

+ 12 B1By Y2 8maRics (41) gain response of CM HPN and LPN, respectively. LPN was
<1 4L RaRo Ry Rz )(1 +@§+%+@@+s&(3q>
Q' —0 &Rz RRp8mRys  RR,R7&.0 R, G R, R, C (37)
(1 4 RyiRys Ci | RyiRyy | Ry Ryy Gy | Ry Ry, €y RXIRX2)
RyiRz Gy RysR,  RRzp G RyRyp G RR,
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Table 3 SPICE model parameters of HFA3096 mixed transistors arrays

.model Is=1.80E — 17, X;;= 3.20, E; = 1.167, V= 151.0, Bf= 1.10E + 02, N, = 2.000, /. = 1.03E — 16, IK;= 1.18E — 02, Xy, = 2.15,

npn B, = 8.56E — 02, IK, = 1.18E — 02, R, = 1.58E + 02, Cj, = 2.44E — 14, M;, = 0.350, V. = 0.633, Cj, = 5.27E — 14, M, = 0.350,
Vie = 1.250, T, = 5.16E — 08, Ty= 2.01E — 11, lyy= 2.47E — 02, V= 6.62, Xys= 25.98, R, = 8.11E + 02, No= 2, [, = 0, F,= 5

.model Is = 8.40E — 18, X;;= 3.67, E; = 1.145, V,y= 57.0, By= 9.55E + 01, N, = 2.206, Is, = 3.95E — 16, IK;= 2.21E — 03, X, = 1.82,

pnp B, = 3.40E — 01, IK, = 2.21E — 03, R, = 1.43E + 02, C;, = 3.68E — 14, M;, = 0.333, V. = 0.700, C;, = 4.20E — 14, M;, = 0.560,

Vie=.8950, T, = 2.10E — 08, Ty= 6.98E — 11, l;y= 2.25E — 02, Viy= 1.34, X;r= 12.31, R, = 5.06E + 02, N, = 2, I, = 0, F,= 0.5

obtained with [Bl =18 }LA, [BZ =4 I.LA, 133 =65 I.LA,
[Sl = Is3 = 220 }LA, 152 =240 p.,A and Cl = C2 = 0.65 nf.
HPN was obtained with Iz =65 pA, Izp =7.1 pA,
133: 10 }.LA, [Sl 21532220 |J.,A, ]S2:240 }.LA and
C; = C, = 0.65 nf. The simulation results agree quite well
with the theoretical analysis. Next, the O tuning aspect of
the circuit was verified for a constant pole frequency, for
the BP response in CM. The bias currents /3 and I, were
varied simultaneously, by keeping its ratio to be constant.
The Q variations, for constant pole frequency at 274 KHz,
are shown in Fig. 10. The Q is found to vary as 0.68, 1.75
and 3.55 for three values of Iz =I5 =40, 100 and
200 wA, respectively, which is greater than the theoretical
value. This discrepancy is quite justifiable with the
discussion of (39) in Section 4.1. The other design values
WwWere [Bl = 132 =30 I.LA, [S] = [53 =90 p.,A and
C; = C, =0.65nf. Fig. 11 shows the variations in pole
frequency with respect to Ig,, without affecting the
bandwidth of the filter. The bias current I, was varied as 100,
200 and 400 wA and the pole frequency for a constant
bandwidth at 950 KHz is found as 685, 974 and 1.26 MHz,
respectively, which is less than the theoretical value. This
discrepancy is quite justifiable with the discussion of (38) in
Section 4.1. For this result other design values were chosen as
[Bl :1322133:60 MA, [Sl :153: 220 }LA and
C, = C, = 0.65 nf. Further simulations were carried out to

Ty/Tin T/ Tin

Py,
T/ T +1o/Tin aln

*TapTin

-50 T
10KHz 1.0MHZ 100MHZ
Frequency
a
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Fig.5 Simulated gain responses of LP, BP, HP, RN and AP of the
circuit in Fig. 3

a In current mode
b In trans-admittance mode
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verify the total harmonic distortion (THD). The circuit was
verified by applying a sinusoidal current ([;,) of varying
frequency and amplitude of 70 wA. The THD values
measured at the HP output (/;) are found to be less than 3%
while frequency is varied from 5 to 60 MHz. Moreover, the
circuit was also simulated for THD analysis at HP output (7)),
by applying sinusoidal current (/;;,) of varying amplitude and
constant frequency. The THD values at frequency of 10 MHz
are shown in Fig. 12, which clearly shows that for the input
signal less than 180 A, the THD values remain in moderate
range, that is, 3%. The Monte-Carlo analysis of the proposed

]
)
=
5§ 501 o Vi/ Vin
o *Vyl Vi
oVy/ Vi
-180 i
10KHz 1.8HMHz 108MHz
Frequency
a
58
254
)
= —
E o *Vi/In
S * Vol
oV, L
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b

Fig. 6 Simulated gain responses of LP, BP and HP of the circuit in
Fig. 3

a In voltage mode
b In trans-impedance mode
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Fig. 7 Current gain and phase response of AP filter of circuit in
Fig. 3
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Table 4 Dependence of frequency deviation on /gz(Rxs3) for BP filter in current-mode

Ig1, pA Igp, pA Isp, pA Igz, pA Calculated(ideal) value of pole Simulated value of pole
frequency, MHz frequency, MHz
60 60 240 60 1.134 1.06
60 10 240 10 1.134 1
60 1 240 1 1.134 0.854
60 0.1 240 0.1 1.134 0.832
28
olg=Is=40nA
LR * Igg=ls=100uA
v Ig=Is=200nA
e
S _25_
4 o Q=068
© Q=175
v Q=355
- -58 T
=) 10KHz 1.68HHz 188HHZ
b1 Frequency
S
Fig. 10 BP responses in CM, for different values of Iz; = I,
87 o lgp=100nA
@ Is;=200nA
- 7 Is=400pA
-48 T 0
10KHz 1.0MHz 100MHz E‘-2B—
Frequency 5 o fom 685K
o fu=9T4KHz
Fig. 8 Gain response of CM HPN of filter circuit in Fig. 3 i @ fo= L26MHz

circuit for C; = C, = 0.65 nf was next performed taking 10%
tolerances in the capacitive components. The analysis was
done for six runs. The time-domain response of BP output (/3)
in CM (V;, =0) is shown in Fig. 13. It is observed that
50 wA peak-to-peak input current sinusoidal signal levels
having frequency 1.06 MHz are possible without significant
distortions. The results of Fig. 13 show the deviations in BP
output for the above-mentioned tolerances in capacitive
elements. BP output was chosen for presentation of the
results, as the effect of capacitive deviations would alter the

Gain(dB)

-28

-48 T
18KHz 1.0HHz

Frequency

100MHZ

Fig. 9 Gain response of CM LPN of filter circuit in Fig. 3
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Fig. 11 BP responses in CM, for different values of Is;
35
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Fig. 12 Variation in THD at CM HP output (I;) with input current
signal at 10 MHz

centre frequency and the BP gain would be changed at the
designed input frequency, but as seen from the Monte-Carlo
analysis, the capacitive tolerances do not severely affect the
circuit performance.

6 Possible experimental setup

It may be noted that the active building blocks like CCCII or
CCCCTA have emerged as potential option for tunable circuit
realisations. These are always better targeted for integrated
circuit (IC) implementation rather than being built using
off-the-shelf chips. However, repeated demands from the

IET Circuits Devices Syst., 2011, Vol. 5, Iss. 3, pp. 149-158
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Fig. 13  Time-domain results of BP output for Monte-Carlo
analysis

eminent knowledge providers often leads to innovative
experimental setups, which may not be very feasible from
the point of view of circuit complexity. With this reasoning
and criticism, the CCCCTA can also be built using
commercially available chips, like AD844 s and LM13600.
It is well known that an ADS844 can realise a second
generation current conveyor with additional buffered Z
output and LMI13600 is the standard single-output
operational trans-conductance amplifier. Such a circuit
realisation for CCCCTA would require external resistors to
be employed at X terminals (inverting terminals) of AD-
844, thus making the circuit non-tunable, which in itself
goes against the theme of this paper. However, it does
provide a possible solution to the criticisms related to the
need of experimental setups. The above-discussed
realisation for CCCCTA is shown in Fig. 14 for purely
academic reasons.

Thus, the proposed mixed-mode filter shown in Fig. 3
employs a minimum of eight AD844 and three LM13600
ICs for the experimental setups. If we compare the
proposed mixed-mode filter with the previously reported
mixed-mode filter circuits [26—29] in terms of actual
hardware requirements for the experimental setups, then it
may be noted that implementations of each of the reported

AD844

www.ietdl.org
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Fig. 15 Current gain and phase response of AP filter of circuit in
Fig. 3, using AD844 and LM13600

circuits in [27-29] also requires an equal number or more
ICs by way of being based on current conveyors with dual
or multi-outputs. It may be noted that the implementation of
a dual-output CCCII was recently given in [32]. The other
reported circuit in [26] employs four AD844 ICs and
switching arrangements for the experimental setups and need
to be reconfigured for obtaining various responses unlike the
proposed work. However, these comparisons are not really
important if such circuits are targeted for IC implementations.
Even though minimal complexity and power would still be
of prime importance, Fig. 15 shows the gain and
phase response of the CM AP using ICs ADS844 and
LM13600. The passive and active components value were
chosen as Ry, (Iz; =60 pA) =Ry, (Ipp =60 pA)= Ry
(Ip3 =60 nA)=216Q, I =220 A, Is =240 pA,
C] = C2 = 0.65 nf and VCC = — VEE =5V.

7 Conclusions

An electronically tunable low-voltage mixed-mode universal
biquad filter using only three CCCCTAs and two grounded
capacitors is proposed. The proposed filter offers the
following attractive features:

1. Realises LP, BP and HP responses in four possible modes,
from the same configuration.

2. The proposed circuit can also realise RN, LPN, HPN and
AP in the current as well as trans-admittance-mode from the
same topology.

Fig. 14 Possible realisation of the CCCCTA using plus-type CCII (AD844) and OTA (LM13600)
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3. Realises all the standard filter function in current and trans-
admittance-mode at high output impedance which is suitable
for easy cascading with next stage.

4. Use of only grounded capacitors makes the structure less
sensitive to parasitic and easier to integrate.

5. Low sensitivity figures and low THD.

6. Low voltage supply of +1V is required which makes
the structure suitable for portable and battery powered
equipments.

7. Filter parameters w,, O, ®,/Q and filter gains are
electronically tunable with bias currents of CCCCTAs.

8. Simultaneous current control of w, and Q without
disturbing of w,/Q.

With the above-mentioned features, it is very suitable to
realise the proposed circuit in monolithic chip to use in
modern microelectronic system applications, such as controls
and voice and data communications, where consideration of
size and weight makes the use of inductors prohibitive.
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