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Abstract Two new universal active current-mode filters
are proposed, one topology of which is with three inputs
and one output, the other prototype is with single input and
three outputs counterpart. One proposed circuit employs
two current conveyors, two grounded capacitors and two
resistors, wherever the other proposed circuit employs two
current conveyors, two grounded capacitors and two multi-
input, multi-output Operational Transconductance Ampli-
fiers(OTA) as variable resistor for tuning the -cutoff
frequency of realized filters. Without changing the passive
elements, the proposed circuits employ features of multi-
functional, convenient for integration, low sensitivities and
simple in structure.

Keywords Current-mode - Current conveyor (CCII) -
Operational-Transconductance Amplifier (OTA) -
Tunable frequency - Universal filter

1 Introduction

Current-mode universal filters employing current convey-
ors have been received considerable attentions. Due to their
convenience and versatility in terms of signal processing
for practical applications [1-43]. Also, a number of design
of multiple-input single-output and single-input multiple-
output current-mode and voltage-mode filters have been
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presented [18-27], universal filters are able to achieve
more than one basic filter functions simultaneously with
the same topology. A number of simultaneously versatile
realized functions have been developed by a slight modi-
fication of the circuit. This is mainly attributable to the
facility with which current outputs and current feedback
can be developed when multiple current outputs are used.

Many CC-based voltage-mode universal biquadratic
filters of three inputs and one output were proposed [4, 5,
20]. However, the circuit configurations in [5, 6] require
too many current conveyors, for example, circuit proposed
by H.Y. Wang [20] has three current conveyors. Compared
with voltage-mode counterpart, current-mode universal
filters are more attractive for their higher signal bandwidth,
greater linearity and larger dynamic range. In the year
1991, C.M. Chang and P.C. Chen proposed a circuit con-
figuration with one input and three outputs using seven
current conveyors, grounded capacitors and resistors [4], In
the year 2001, circuit proposed by H.Y. Wang and C.T. Lee
[20] employs three current conveyors, two grounded
capacitors and two resistors. These circuits can realize all
the standard filter functions, namely, low-pass, band-pass,
high-pass. Simultaneously, other functions of notch and all-
pass can also be realized by properly connecting outputs
without using additional active elements. However, many
applications require filter tuning, in above cases, it is
desirable to vary the filter coefficients electronically.

The major intention of this paper is to present new
current-mode configurations, based on minimum number
of grounded passive elements, current conveyors, Opera-
tional Transconductance Amplifiers. These circuits can
simultaneously realize the five filter functions directly or
indirectly. Firstly, a new current-mode three inputs and one
output universal filter is proposed, which employs of two
current conveyors and minimum number of passive
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elements of only two grounded capacitors and two resis-
tors. The proposed circuit can realize low-pass, band-pass
and high-pass filters all at high impedance outputs, and is
very convenient for cascadability. Notch and all-pass
functions can also be simply realized by connecting the
appropriate output nodes. Secondly, another new current-
mode low sensitivities one input and three outputs uni-
versal filter is also proposed, which uses of two current
conveyors, one multi-inputs, multi-outputs OTA and min-
imum number of passive elements of two grounded
capacitors. Through tuning the bias current value of OTA
in order to change the gm value of OTA, a tunable cutoff
frequency universal filter can be developed, which also
possesses a low input impedance and high output imped-
ance. The realization of a notch function does not require
additional current conveyors, as such a realization can
simply be achieved by connecting the appropriate node.
Simulation results are given to illustrate the performances
of the proposed circuits.

The paper is organized as follows. Section 2 presents
two new universal filters based on multiple outputs second
generation current conveyor(MOCCII) and multiple out-
puts OTA, the value of OTA can be tuned by changing its
bias current, which makes these filters’ cutoff frequency
tunable. In Sect. 3, an automatic frequency tuning imple-
mentation using a switched-capacitor resistor and
Operational Transconductance Amplifier is discussed.
Section 4 contains simulations of universal current-mode
filters, while Sect. 5 concludes the paper.

2 Circuit description

2.1 Basic building block of CCII £ and OTA

The practical terminal relations of MOCCII can be
described as:

iy 0 000 ]
V. B 000
i1 0 00 v,
R 0
in 0 00 V.
i 0 (—e)00 Z
iz | [0 (—)00 |
Ve = BVyii, = aiy; iz = —ai, (2)

From Fig. 1, Multiple outputs of z terminals of current
conveyors can be developed employing current mirror
technique.
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From Fig. 2, The ideal terminal relations of multiple

inputs and multiple outputs operational amplifier
(MOQOTA) can be described as:

o =—8nVio 1 =—8mVi (3)
h=—8mVo i3=—8mVs (4)

Taking the non-idealities of MOCCIIs into account,
namely, V, = pV,, =1 —¢, (¢, < <1) denotes the volt-
age tracking error of port y. i; = aiy, a =1 —gi(g; < <1)
denotes the current tracking error of the port z. The first
proposed three-input one-output filter is constructed with
two current conveyors, and four grounded passive elements,
as shown in Fig. 3.

If the two MOCCIIs are integrated in the same chip, the
tracking error of each MOCCII is the same, that is:

@ — &, el = s&z) =g, (5)

For ¢< <1, ignore high order items of equation, the
output functions can be derived as:

. 2 _ 7. 1 . 1
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0 =
2 1 1
s°+s wfCiR + o021 fC1CaRI Ry (6)
2r. . _ 1 . 1 .
S Liny (T—&—2)C1R, $liny + (1=26—2¢,)C1 CoR Ry Tins

2 1 1
e e T6Y TN (BT P T Sy Iy
Compared with following equation:

!
2 @, )
s Iinl - a(/]SIinZ + Wy Iin3

0o~ 7
), !
SZ + 7Q9 s+ CL)02



Analog Integr Circ Sig Process (2009) 59:53-64 55
Fig. 3 The proposed current- 1,
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From (7), (8), (9), We can see that ¢ has little influence on INH GG (15)
parameter wq and no influence on Q. Li A(s)
The cué) and Q sensitivities of the filter are found as: I 2 ngs 4+ Smim
4P _ Qo 16)
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8m18m2 1 Cl
Which are no more than one in magnitude. Wy = \/m 0= gz C_zgmlgm2 (18)

Moreover, the configuration in Fig. 4 can function as a
single-input, three-output universal filter if and by taking as

The wi) and Q, sensitivities of the filter are found as:

the single input terminal. From (7), the current transfer §P0 (). §P0 — (). §P0 — g :1
. . _ _ fohe 8m 7 T 8m3 7 T 8m 8&m2 2’
functions can be derived as low-pass, band-pass and high (19)
pass responses, respectively, when SO — @ — 1
1 2 2
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Fig. 4 The proposed current-mode single-input, three-output universal filter
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Fig. 5 Practical OTA macro-model
1 1
Q _ Q _
S =556 =3 (1)

Which are also no more than one in magnitude.

We can now discuss practical problems in design of
filters employing OTA and MOCCILI. In particular we will
deal with the effects of OTA nonidealities on filter per-
formance. The methods for the evaluation and reduction of
effects will be proposed as follows.

An OTA macro-model with finite input and output
impedances and transconductance frequency dependence is

(C+G[C1+2B(2Co+C)]

/

Q_

{dﬁ[gi (gm3+2g0+8i)+afgmi (gma+go+8i)] 1/2 }

Igp Ngp(s)
In  Du(s) @
Ip _ Nip(s)
Iy~ Du(s) @)

D,(s) = s*(Cy + C)[(Cy + af(2Cy + C))]
+ {aBl(Co + Ci)(gi + aBgm)
+(Co+ Ci)(gms + 280 + 8i)] + &i(C1 + afCy)}s
+ aBlgi(gms + 280 + i) + 0Bgmi (gm + 8o + &)

(29)
Nup(s) = —saCi[g; + s(Cr + C;)] (30)
Nip(s) = o *[gm2 + 80 + & + 5(Co + Ci)][gi + 5(C
+ Ci)]
(31)
Nip(s) = > B> gmlgm + o + & + s(Co + Ci)] (32)

wn = {“ﬁ[gi(gma + 280 + &) + %Bgm1(gm2 + g0 + gi)}}m
0 (G2 + G)[C1 + aB(2Co + C)]

(33)

— aP[(Co+ Ci)(gi + aBgm1) + (C2 + C:)(gms + 280 + &i)] + &:(C1 + afCo)

shown in Fig. 5. We use g; and C; to represent the differ-
ential input conductance and capacitance and drop
subscript d (for differential) for simplicity. go and C, are
those at the output. The common-mode input conductance
gic and capacitance C,. are ignored because they are usually
very small in practice compared with differential counter-
parts and can be absorbed as many filter structures have a
grounded capacitor or a grounded OTA resistor from OTA
input terminals to ground.

u =0 =0 fi=p=p (22)
Yi = gi+5Ci Yo = go +5Co (23)
Co=C1=Cp=Cs=C;

8i0o = &i1 = 8i2 = 8i3 = &i (24)
Coo = Co1 = Cp = Co3 = G

800 = 8o1 = £02 = g03 = &o (25)
l _ o) o
I; D,(s)
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It can be seen that the low-pass frequency responses of
filter are little influenced by nonideal factors of OTA, the
higher frequency, the higher influence.

The CMOS realization of MOCCII is shown in Fig. 6.
However, it is possible to represent an MOCCII using
Operational Amplifier (OA) and a small-signal current
mirror as shown in Fig. 7.

The proposed circuit implementation of multiple inputs
and multiple outputs OTAs are shown in Fig. 2 if input and
output conductances of non-idealities of OTAs are taken
into account, the input and output immittances can be
written as (23). The CMOS implementation of single g,,
cell of MOOTA is shown in Fig. 8.

3 Automatic frequency tuning by switched capacitor
and Operational Transconductance Amplifier (OTA)

A fully differential tuning circuit is used to generate the
control voltages V-, and V_ [28-40]. The tuning circuit is
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designed to allow tuning of the filter’s cutoff frequency and
minimize the influence of the process parameters and
operating conditions. Since the active filter’s frequency
characteristic is determined by g,, value of MOOTA, C, and
C,, any process variation and temperature dependencies can

be compensated by tuning the g, value of the MOOTA. As
explained above, the value of g, can be tuned by bias
current which is determined by controlling the gate voltages
of current mirrors of transistors M12 and M13 in Fig. 8. The
required control voltages V-, and V_ are generated in the
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Fig. 9 Automatic frequency
tuning circuit
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tuning circuit shown in Fig. 9, which is based on the bal-
ancing principle that a switched-capacitor network is
accurately to implement a reference time constant, which
depends solely on capacitor matching. Shown in the left
portion of the schematic Fig. 9 is the time-constant
matching integrator of the continuous-time equivalent
resistor path and the switched-capacitor equivalent resistor
path. The time constant of the continuous-time equivalent
resistor path is Ciy/gm, and that of the switched-capacitor
equivalent resistor patch is Ciy/(f.xC1). The mismatch of
the two time constants, which simplifies as the mismatch of
equivalent resistors 1/g,, and 1/(f,;.C;), is reflected at the
output of the integrator. That voltage is then translated to
the control voltage of the MOOTA. Equilibrium is reached
when g,, = foxC. The right portion of the schematic is the
gm value controlling voltage generating circuit of MOOTA.

At each of the integrator inputs, two currents, I, and Isc
are summed. The currents flow from the reference voltages,
Vyerr and V,¢, to the integrator inputs, which are at vir-
tually the same potential as analog ground. The positive and
negative reference voltages are symmetrical around analog
ground. Igc is the current through the switched capacitor
resistor realization Rgc, while I, is the current through
transconductor structure. The transconductor is identical to
the ones used in the filter and controlled by the same volt-
ages V. and V_. These control voltages are fed back from
the outputs of the tuning circuit to the transconductor
structure and control its equivalent transconductor g,, in
such a way that Isc = I, in steady state condition. Equi-
librium is reached when g,, = f.;xC;. The output voltage of
the integrator is symmetrical around a constant common
voltage, Veommon = Vpp/2, and therefore V-, and V_ are
symmetrical around a constant V.

In order to tune the cutoff frequency of the filter, the
resistance implemented by the switched-capacitor circuit,
Rsc = 1/(faxC1), can be changed by using a variable clock
frequency. The integrator will then adjust the control
voltages V¢, and V_ until the equilibrium of the tuning
circuit is reached again.
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The unity-gain frequency of an integrator can be written
as:
8m

Wunity =
Cinl

(35)

In the tuning circuit, the equivalent resistance of
transconductor and the one implemented by the switched-
capacitor are equal in steady—state:

1
Rez = 4
T faC

Using above Egs. 35 and 36, the equation for the unity-
gain frequency can be rewritten as:

C
Wunity = Sei C_rllt (37)

(36)

Shown as above Eq. 37, mismatch in capacitors C; and
Cindirectly introduce frequency deviation of gy oOf
integrator which is proportional to ratio of C;/Ciy,
assuming ideal matching between the components of the
filter and the tuning circuit, the unity-frequency wypiy is
accurately set to (f.xC1/Cint), and hence precise frequency
tuning can be achieved without any external components.
Among the fabricated filter in Fig. 4, the wyu;, standard
deviation is 5%, measured under a fixed capacitor, C;, and
the same reference frequency, f,;. If a greater accuracy of
the corner frequency is desired, a fine adjustment can be
provided by means of either digitally trimming the
capacitor C; or varying the clock frequency f.;. The fine
tuning of capacitor of C; for the corner frequency of the
proposed filter in Fig. 4 can be accomplished within a 1%
absolute accuracy. Note that an additional low-pass filter,
R; pCy p, has been added here to remove the high-frequency
ripple voltage due to using a switched-capacitor circuit. It
should also be noted that, since this method requires a clock
signal, there is a strong possibility that some of the clock
signal will leak into the continuous-time filter, either mainly
through the Operational Transconductance Amplifier
controlling signal, differential operational amplifier of
Fig. 9 or through the IC substrate, in the mean time, since
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the stability of the tuning voltage can be solved through
placing a dominant pole in the control loop by choosing the
product R, p C,p very large (alternately a large Cj, can be
used), a stable dc control voltage without ac ripple voltage
is established. Any mismatch between the equivalent g,
cell resistor and switched-capacitor equivalent resistor
causes current to flow into the integrator, which changes
the control voltage V., and V_. The negative feedback
loop controls the frequency of clock and adjusts the g, cell
equivalent resistor forcing it to be equal to the average
resistance of the SC branch. Once the feedback loop reaches
equilibrium, the two equivalent resistances will be equal.
The tuning action applies equally to the tuning of the
continuous-time filter employing MOCCII and OTA.

4 Simulation results

Universal filters are simulated using schematics of MOCCII
and Operational Transconductor Amplifier implementation
asdepicted in Figs. 3 and 4. A1l MOS transistors are operated
in saturation region and all of the bulks are connected to the
sources. The simulations are performed using SPICE based
on 0.35 um Chartered CMOS process model parameters
(PMOS_3p3, Vyup= —0.837V, pup =277 cm*/V s,
Tox = 8.69 nm), (NMOS_3p3, Vigy = 0.6053 V, uy =
413.7172 cm?/V s, Tox = 7.69 nm). The MOCCII is con-
structed using the schematic implementation in Fig. 6 with
dc supply voltages equal to 3.3 V and 0 V and bias current of
transistor M17 is 10 pA, similarly the supply voltage of
single OTA is the same as that of MOCCII, and bias current
of transistor M12 in Fig. 8 is 20 uA. The dimensions of the
MOS transistors used in MOCCII (shown in Fig. 6) and
Operational Transconductance Amplifier (shown in
Fig. 8)’s implementations are given in Table 1, 2.

To investigate what is the frequency for the designed
MOCCII, AC simulations have been performed. The fre-
quency responses of i/i,, and V./V, for MOCCII are
depicted in Figs. 10 and 11. The frequency behavior
reported in Fig. 12 suggests that for high frequency
applications (frequencies of more than 90 MHz), a com-
pensation is needed. The DC transfer characteristic of
MOCCII is shown in Fig. 11.

The characteristic of input voltage Vin and output cur-
rent I, of OTA is shown in Fig. 13, when the supply

Table 1 Dimensions of CMOS transistors of MOCCII

PMOS transistors W (um)/L(pm)
M;, My, M7, Mg My, My; and M5 30%2/2
NMOS transistors W(pm)/L(pm)
M, My, Ms, Mg, Mg, Mg M3 M4 30/2

MIG and M17

Table 2 Dimensions of CMOS transistors of Operational Transcon-
ductance Amplifier of Fig. 8

NMOS transistors W(um)/L(pm)
M;, M, 10%4/2.5
M;, My 8*2/1
M;, Mg 8/1
My 6*6/2
Mi,, M3, My 6*18/1
PMOS transistors W(pum)/L(pm)
Ms, Mg, 6*18/2
Mo, My 6*4/2
Resistors (Q)
Ry, Ry 200 K
200 @B(A) : 1(H2)
idb(lZ )/ (nY)
00 | iabg@znainy
£ 200
=
-40.0
-60.0

T T T
100u  0.04 1.0

T T T T 1
100.0 10.0k imegi100meg 10g
f(Hz)

Fig. 10 The simulated frequency response of i /i, for the MOCCII
(VDD =33 V, VSS =0 V, Ibias =10 LIA)

4.0 (V) : Voltage X(Volty
V()

0.0 05 1.0 15 2.0 25 3.0 35
Voltage X (Volt)

Fig. 11 V, — V, DC transfer characteristic of MOCCII(Vpp =
33V, Vss =0V, L, = 10 uA)

voltages used for OTAs of Fig. 8 are 3.3 V and 0 V, the
bias currents of transistor M12 are selected as I3 =
20 uA, It can be seen that gm value of OTA is 0.05174 mS.

To verify the theoretical analyses, active and passive
bandpass responses of three-input, single-output filter are
shown in Fig. 14. We selected the following setting to
obtain the lowpass, bandpass and highpass responses in
Fig. 3, with cutoff frequency of f; = 15.92 kHz, and a pole-
quality factor of Q=1: Ry =R, =100K, C;, =C, =
100 pf (circuit A); Q = 2: R; = R, = 200 K, C; = 100 pf,
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Fig. 12 The simulated frequency response of V,/V, for the MOC-
CIlI(Vpp = 3.3V, Vgs =0V, Ly,s = 10 uA)
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0 TT T T [T T T T [T T T T [T T T T [T T T T [TTT7T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Vin (V)

lout {uA)

[3,]

Fig. 13 Characteristic of input voltage Vin and output current Iout of
Operational Transconductance Amplifier (OTA) (Vpp =33V,
Vss = 0V, Ipias = 20 uA, g,, = 0.05174 mS)

@B®) :1Hz)
idb(ri1) Passive Response

idb(cl) Active Response

(dB(A)

T T T T
1.0k 3.0k 10.0k 30.0k 100.0k  300.0k

f(Hz)

Fig. 14 Active and passive band-pass responses of three-input,
single-output filter of Fig. 3

C, =25pf (circuit B); Q=3 R =R,=300K,
C; = 100 pf, C, = 11.11 pf (circuit C); In the circuit of
Fig. 3, the simulated values of f; and Q are 16 kHz and 1 for
circuit A, 16 kHz and 2 for circuit B, and 16 kHz and 3 for
circuit C, respectively. Figure 16 shows the responses for
the lowpass, bandpass and highpass functions of the three-
input single-output filter. All the results are in good agree-
ment with the theoretical predictions.
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Fig. 15 Active band-pass responses of three-input, single-output
filter of Fig. 3 in different quality factors
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T

T T T T T T T
300 1000 03k 1.0k 30k 100k 300k 100.0k 300.0k
i(Hz)

Fig. 16 Frequency responses of the three-input, single-output uni-
versal filter of Fig. 3 employs MOCCII and CCII-

Also the second-order current-mode filter of Fig. 4 is
simulated. The active elements and biasing currents of
MOCCII and MOOTA have been selected as g, =
8ml = 8&m2 = &m3z = 0.05174 mS, Cl = CZ = 100 pf, Ibias
(MOCCII) = 20 uA, Ily,s (MOOTA) = 20 uA to obtain
unity gain low-pass, band-pass, and high-pass responses
with a natural pole frequency of f; = 82.38 kHz. The fre-
quency responses of single-input, three-output universal
filter with tunable frequency are shown in Fig. 17. When it
functions as low-pass, band-pass and high-pass modes. The
simulated results for MOCCII and OTA based single-input
three-output universal filter of Fig. 4 are shown in Fig. 15.
Employing above automatic frequency tuning technique by
switched capacitor and Operational Transconductance
Amplifier, and through adjusting the clock frequency of
switched-capacitor, the cutoff frequency of single-input
three-output universal filter can be tuned from 10 kHz to
300 kHz conveniently (Fig. 17). As shown in Fig. 17, the
results also confirm the theoretical ones.

The transient responses of the three-input, one-output
and single-input, three-output universal filters are shown in
Figs. 18 and 19, respectively. Also, the large signal
behavior of these two circuits in Figs. 3 and 4 are tested
with investigation of the dependence of the output
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Fig. 17 Responses of the single-input, three-output filter of Fig. 4
employs MOCCII and OTA with tunable frequency

Current (&) : Time (s)
iiin)

Current (A)
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ifri)

Current (A)

00 1.0m 20m 30m 40m 50m 60m 7.0m
Time (s)

Fig. 18 Simulated transient responses of the three-input, one-output
universal filter (the bias currents I,;,, of MOCCII and CCII- are
20 uA, respectively, I;, is 3 uA, THD value of 1,;; is 6.2657%)

Graph(
10u

Current (&) : Time (s)
i(iiny

Current (A)

-10u

20u . ; ; ; ; ; Current (&) : Time ()
150 | i(rH)

10u 4

Current (A)
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0.0

00 10m 20m 3.0m 40m 50m 60m 7.0m
Time (s)

Fig. 19 Simulated transient responses of the single-input, three-
output universal filter(the bias currents /y,;,, of MOCCII and MO are
20 uA, respectively, I;, is 5 uA, THD value of 1,;; is 1.1161%)

harmonic distortion for the low-pass response on the
amplitude of the sinusoidal input signals at 1 kHz. The
obtained THD simulation results for above two

configurations in Figs. 3 and 4 are given in Tables 3 and 4,
respectively. From Table 3, it can be seen that the har-
monic distortion rapidly increases for the input current
signal amplitude is beyond 3 uA, because much more
larger input signal will result MOS transistors of MOCCII
operating in triode region, when the bias currents of
MOCCII and CCII- are 20 uA, respectively. whereas,
Table 4 shows that larger input current signal amplitude
results in higher value of THD due to the open-loop nature
of MOOTA in single-input, three-output configuration.
generally, the input voltage signal range of MOOTA
should be smaller than 100 mV or so, which can also be
seen from Fig. 13.

Since output currents of MOCCII are composed of
multiple current mirrors, process mismatches between the
current mirror transistors of MOCCII could be analyzed to
determine the effects of THD on proposed universal filters.
First, the current distortion caused by only threshold volt-
age mismatches of current mirrors is considered with
AV, = V,; — V,. Assume transistors of current mirror are
identical except for the threshold voltage mismatch. The

Table 3 Dependence of output

.. . Current Total harmonic

harmonic distortion of three- . . .
. . amplitude distortion (%)
input, one-output filter of Fig. 3 (LA)
on input current signal K
amplitude 0.1 0.0692

0.5 0.3516

1 0.7434

1.5 1.2457

2 2.0507

2.5 3.6635

3 6.2657

35 9.1141

4 11.7374

4.5 14.0387

5 16.0384
Table 4 Dependence of output Current Total harmonic
harmonic distortion of single- amplitude distortion (%)
input, three-output filter of ( AP) 7
Fig. 4 on input current signal K
amplitude 0.1 0.0223073

0.5 0.0269169

1 0.0595809

1.5 0.1053602

2 0.16992125

2.5 0.2544952

3 0.3608672

5 1.1161

6 3.8886

7 8.1568

8 11.8194
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output current i,,, is ideally identical to the signal current i,
shown in (38). The expression for the output current with
threshold voltage mismatch is:

o 2AVI < i> B,
Loy :l+— 1+_ +_AV 38
' (Vest — Vi) I 2! (38)
. [ 2AV,I
Loutde = & Vv TR TN 39
e T T (Vasi — Vi) (39)
Where f = k' (W/L)
: [ AV, } 2AV,I
Lout,ac =1 1+
(Vest — Vi) (Vest — Vi)

SOOGS0 e

Where i is the peak signal current. It is seen from (39) (40)
that threshold voltage mismatch in the current-mirror tran-
sistors distorts the output current. The current is separated
into a dc term in (39) and an ac polynomial term in (40). The
dc offset shifts the bias point as indicated by i,,, 4. term in
(39). The magnitude of ac gain error and harmonic distor-
tion are determined by the first and second i, .. terms,
respectively. The harmonic distortion is a strong function of
the peak signal-to-bias-current ratio i/, and therefore, har-
monic distortion is minimized by reducing the i/ ratio.
Which is also the explanation that the simulated results of
proposed filters (Figs. 3 and 4) have THD characteristics of
monotonicity according to the amplitude of current input
signals (0.1-5 u) when the bias currents of MOCCII, CCII-
and MOOTA are 20 uA, respectively.

5 Conclusions

Versatile multi-input multi-output current-mode biquad
configurations are introduced in this paper. The proposed
universal filters has been exhibited by application on the
implementation of three-input, single-output and single-
input, three-output filters, which realize low-pass, high-
pass, and band-pass responses. In addition, by changing the
bias current of OTA through technique of switched
capacitor, a tunable frequency single-input three-output
universal filter construction has been obtained. Only two
current conveyors and several grounded passive elements
are necessary in both proposed filters. The proposed cir-
cuits enjoy the following features: (1) using minimum
number of passive elements; (2) employing only grounded
capacitors and resistors, which is convenient for monolithic
integration; (3) frequency tunability; (4) high impedance
outputs enable easy cascading in current-mode operation;
(5) low sensitivity and simple in structure. The simulation
results, which confirm the theoretical analysis, are given.

@ Springer
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