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Abstract

A new current-tunable current input current output universal biquad circuit
synthesized with three current follower trans-conductance amplifiers (CFTAs) and
two grounded capacitors is presented in this paper. The proposed circuit
simultaneously, realizes all five different standard filter functions i.e. low-pass,
band-pass, high-pass, band-reject and all-pass across explicit high impedance
current output terminals by the use of single current input signal. Moreover, the
proposed filter circuit doesn’t require any component matching conditions for the
filtering functions realizations. Non-ideal and parasitic effects on filter’s
performance are also discussed. The validity of designed filter is verified through
PSPICE programs using 0.25um standard CMOS model parameters from TSMC.

Keywords: Analog signal processing, Biquad, Current-mode filter.

1. Introduction

The synthesis of low-voltage operated analog circuits using different current-mode
active elements still attracts researchers owing to their advantages and usefulness at
different stages of the high-performance systems designed for signal processing
applications such as communication, sensing/automation, control, signal separation,
signal generation and measurement etc. Some of the inherent advantages of current-
mode active elements over their voltage-mode counter parts are, low supply voltage
operation, high current swing, larger band width, higher slew rates, better immunity
towards switching noise, low power consumption and high frequency operation [1-3].
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Nomenclatures

Om Trans-conductance parameter, siemens.

Q Quality factor

Greek Symbols

a Current pathway error

P NMOS process parameter

Vi Negative trans-conductance imprecision factor
Vi Positive trans-conductance imprecision factor
o Angular pole frequency, rad

Abbreviations

AP All Pass

BP Band Pass

BR Band Reject

BW Band Width, hertz

CCCCTA  Current Controlled Current Conveyor Trans-Conductance
Amplifier

cccll Current Controlled Current Conveyor

ccll Second Generation Current Conveyor

CFTA Current Follower Trans-Conductance Amplifier

HP High Pass

LP Low Pass

SIFO Single Input Five Output
SITO Single Input Three Output
TISO Three Input Single Output

In the present scenario, low voltage portable electronic gadgets/equipments
consuming less power are in demand. Therefore, low voltage operable current-mode
circuits have become an attractive choice for the circuit designers. CFTA and its
modified versions suggested in [4-7] are among the recently incepted current-mode
active elements. The combined features of current follower and multi output trans-
conductance amplifiers assist for the suitable terminal impedances and single current
control property of the CFTA. Therefore, numbers of analog blocks such as current-
mode filters, oscillator [8-19], etc., based on CFTA have been reported in the literature.

Each of the reported CFTA based single input three output (SITO) current mode
filters having two [8] or three [9-10] CFTAs and two grounded capacitors, realizes
LP, BP, HP filtering functions simultaneously. Other functions like BR and AP
functions can also be obtained in these filters by adding appropriate current outputs
(LP and HP for BR) and/or (LP, BP, and HP for AP) together. Other reported four
CFTAs based current mode filter [11] realizes LP and BP filtering functions
simultaneously, whereas remaining filtering functions can also be realized by adding
explicitly obtained current outputs appropriately. Another valuable single input five
output (SIFO) current-mode filter circuit requiring four CFTAs [12] and two
grounded capacitors in the implementation, realizes five generic functions (LP, BP,
HP, BR, and AP), simultaneously, across explicit current output terminals. However,
all these circuits require a supply voltage greater than + 1.2V which is not a
prominent situation for low voltage low power operation.
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On the other hand, each CFTA based three input single output current-mode
filters [13-16] having two [13-15] or three [16] CFTAs and two grounded capacitors
and can realize all the five standard filtering functions, but one at a time through
appropriate selection of input(s). Unfortunately, most of the filter circuits [13-15]
require scaled and/or inverted current inputs for at least one filtering function
realization which actually need additional active elements in realization. Beside it,
each of these current-mode filters suffers from the problem of current insertion at
several nodes which may further increase the additional hardware.

Few more current-mode filters based on three or more active elements other than
CFTAs such as CCCllIs [20-25,] and CCCCTAs [26-28] are also proposed in the
literature. However, these filter circuits still suffer from at least one of the following drawbacks.

i.  Does not realize all five filtering functions, simultaneously [20, 24, 25, 28].

ii.  Need of inverted current input to realize AP function, which further required
additional active elements to obtain inverted current signal [22].

iii.  Either requires one floating passive element [27] or more than two passive
elements to realize filtering function in current-mode [23, 26].

iv.  Use of more than = 1V power supply for filter implementation [20-27].

The proposed current input current output biquad in this paper is competent to realize
all five different generic filter functions, simultaneously across various high impedance
explicit current output terminals and does not require inverted/scaled current input
signal(s) for the realization of any filtering function(s). Moreover, the circuit is a
resistor less CMOS topology employing three CFTAs and two grounded capacitors and
operated at low supply voltages (£ 0.75 V) with total power consumption of only 0.98
mW. The performances of the circuit under concern are illustrated by PSPICE simulations.

2. Proposed Circuit

Since after its inception as a current-mode active element and its terminal impedance
suitability for the current-mode signal processing applications, CFTA has been
received considerable attention from the circuit designers [4, 6-19]. The CFTA with
symbolic diagram as shown in Fig. 1 can be characterized by the Eq. (1).

Vi=0, I,=1;, l,=0,V; (1)

where g, is the trans-conductance parameter of CFTA whose value depends upon the
biasing current of Is.

The proposed current input current output biquad filter is shown in Fig. 2.

Is
I l
Iz =
e s
CFTA
+X
-5

Fig. 1. CFTA schematic symbol.
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Fig. 2. Proposed universal current-mode biquad filter.

Through routine analysis of the proposed filter circuit, the following current
transfer functions can be obtained across explicit high impedance terminals at I p,

Inp, lgp1s lep2, Igr @nd lap.

e~ OmOm

T TR 2
. D(s) @)

1 _CCps® -
lin D(s)

E — gmzcls (4)
i, D(s)

Loy _ —9m2CiS )
Lin D(s)

Iﬁ: _(CICZSZ +gmlgm2) (6)
Iin D(S)

Iﬁz _(C1C252 _gmzcls+gm19m2) (7)
Lin D(s)

where, D(s) = Clczs2 + 9mn2CiS + 9 Im2 (8)

It is evident from Egs. (3) to (8) that non-inverting LP, non-inverting HP, non-
inverting BP, inverting BP, inverting BR, and inverting AP responses are explicitly
and simultaneously obtained across high impedance output terminals. Thus, proposed
filter is single input five output (SIFO) current-mode filter. Accordingly, the expressions
of w,, Q and BW (w, /Q) for these filtering responses can be expressed in Eq. (9).
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CMOS implementation of CFTA [13] is shown in Fig. 3. The trans-conductance
parameter g of CMOS based i CFTA (i = 1,2,3), can be controlled through the
biasing current Ig; as shown in Eq. (10).

O Z\/ﬂnlsi (10)

where, B =4 Cg, (W/L) is the process parameter for NMOS transistors M;-Mg

forming differential pair at the trans-conductance stage of CFTA. On substituting
inherent trans-conductance parameter g, from Eq. (10) into Eq. (9), it yields;

1

3 2 1 1

o = @ Q= C. Ii , and BW=&:—(,B”|SZ)E (11)
° C,C, C\ls, Q GC,

From Eqg. (11), it can be seen that by maintaining a constant ratio of ls; and Is, the
m, can be orthogonally electronically adjusted by Is; and Is, without disturbing Q.
Furthermore, it can also be noted that the Q can also be electronically tuned
independent of wg by maintaining the product of Is; and Is, to be invariable.

BE12 M20)
M1Z
Ml Lé{ﬁ]ﬂl mzz] -y |

1023] |4 [b24

* M15

Vss
Fig. 3. The CMOS implementation of CFTA.

3. Non-ldeal Analysis

Taking the non-ideal factors of CFTA into account, the port depiction of the non-
ideal CFTA can be revised in Eq. (12).

Vi =0, 1l =alq, 1 i=Ve9nVa, | xi==7ni 9mVa (12)

where, a;=1-¢; and ¢ (| & | <<1) signify the current pathway error between f and +Z
terminal. Similarly, y, and y,; are the trans-conductance imprecision factor between Z
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to X and Z to -X terminals, respectively. The non-ideal analysis of the proposed filter
circuit in Fig. 2 relent the following characteristic Eq. (13).

D(s) = C1C252 + 007 129m2CiS + Y 517029 mYme2 (13)
Accordingly, for the proposed filter the w, and Q are changed to Eq. (14).

1

1 =
a) :(OangmlgnﬁJz,Q - i(alypl—czgmljz BW :(azasﬂzgsz (14)
° CC, a3\ ¥ 12C1 0y C,

The active and passive sensitivities of the circuit in Fig. 2, can be calculated as
shown in Egs. (15) and (16).

“o = l [oN 1
@027 pLin2 9mi9m2 9 ' Scyc, = ) (15)
1 1 Q
Q = Q - =—
Sayrp1C29m = 2’ Seg 2 Cotme = 2" S, =1 (16)

From Egs. (15) snd (16), we can conclude that all the incremental active and
passive sensitivities are low and not more than one in magnitude.

4. Parasitic Study

In this section, the performance of the proposed current input current output SIFO
biquad filter in the presence of various parasitic impedance effects of CFTAs is to be
considered. A practical CFTA, similar to any other active element includes various
ports parasitic as shown in Fig. 4. The parasitic resistance at f- terminal of i CFTA
(i=1, 2, 3) are Ry, Ry, and Rys, respectively. Besides it, practical CFTA has port Z
parasitic in the form of Rz//C5 and port £X parasitic in the form of Ry;//Cy;. In the
proposed circuit topology in Fig. 2, we can see that low impedance f terminal of each
CFTA is connected to high impedance +X or -X terminals of other CFTA. This use of
current feedback minimizes or eliminates the possibilities of parasitic impedance
effects. Furthermore, to eradicate the effect of these parasitic elements in the
proposed circuit of Fig. 2, identical CFTAs with low input parasitic resistance R¢
should be employed. Ideally, the R; is zero. Since R; parasitic impedances are
connected between true ground node f* and virtually grounded node f. Therefore,
these are almost ineffective. As a result, parasitic impedances of —X terminal of
CFTA-1 at nodel, -X terminal of CFTA-2 at node 3 and X, Z terminal of CFTA-3 at
node 2 are almost vanish or ineffective. The only parasitic impedances for
consideration are Z; and Z, across external capacitors C,; and C, connected between
high impedance Z terminal and ground of CFTA-1 and CFTA-3. The parasitic
resistances at Z; and Z, terminals are Ry and Ry, and the external working
capacitances C; and C, get increase to C, and C, by absorbing parasitic capacitances
Cz; and Cyy, respectively. With C, = (C; + C4) and C, = (C, + Cy,), a much greater
value for the externally used capacitances C; and C, must be chosen in comparison to
the parasitic capacitances at the Z and +X terminals of CFTA i.e. Cy, C, >> Cz, Cx.
By choosing (C, = C,) >> Cz, Cxand gm1 = Om2 in the design, these undesirable factors
can be eliminated or minimized and hence, the proposed filter may approach towards
ideal response, if we choose the following design criterion.
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Fig. 4. CFTA with port parasitic.

5. Simulation Results and Discussion

In this section, the proposed circuit in Fig. 2 has been simulated using the P-spice
programs on cadence tools to demonstrate its feasibility. The CFTA given in Fig. 1
was realized using CMOS implementation as shown in Fig. 3, with TSMC 0.25um
CMOS process model parameters [29]. The circuit was biased with power supply Vpp
= -Vg = 0.75V and Vgg = -0.3V. The dimensions of MOS transistors were used as
specified in Table. 1. The proposed filter was designed for the biquadratic
performance with f,= w,/2n = 6.4 MHz and Q = 1. In design, the active and passive
components were set as ls; = lsp = ls3= 25UA with (Om1 = 9m2 = Omz = 398pA/V), and
C,= C,= 10pF, which results a total power consumption of only 0.98 mW. Figure 5
shows the simulated current gain responses of the LP, BP, BR, HP and AP filtering
functions. Figures 6 and 7 show the gain and phase responses of BR and AP filtering
functions respectively. The pole frequency measured from simulation results is 6.33
MHz which is much closer to theoretical value. To show the electronic tuning aspects
of the proposed current-mode filter, the circuit is further simulated to obtain various
BR and BP responses at different sets of Is; and Is, in such a way so that Is; = s, =
TUA, 10pA, 25pA, 100pA which result in the pole frequency variation as 2.68 MHz,
4.22 MHz, 6.33 MHz and 11.18 MHz, respectively, at constant Q = 1.

Table 1. Transistor dimensions of CMOS implemented CFTA.

Transistors Dimensions
NMOS W(pm)/L(pm)
My, M, 1/0.25
Ms-M7, Myg-M5 3/0.25
Ms,Mq 7.5/0.25
PMOS W(um)/L(pm)
M1-Mzs, Mas-Mag 5/0.25
My, 4.5/0.25
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Fig. 5. Current gain responses of the proposed SIFO current-mode filter.
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Fig. 7. Gain and phase responses of AP filter function.

The simulated result showing the pole frequency tuning aspect independent of Q
is shown in Fig. 8. In Fig. 9, the time-domain analysis of BP filter is displayed, which
is obtained by applying a sinusoidal input of 504A peak to peak at 6.33 MHz.
Similarly, the time-domain analysis of HP filtering function is also shown in Fig. 10
which is obtained by applying a sinusoidal input of 40uA peak at 150 MHz. Next, the
THDs of the BP response of the proposed circuit was also measured by applying a
current input sinusoidal signal of varying amplitude from 10 pA to 55 pA at constant
frequency of 6.4 MHz. THDs result is shown in Fig. 11 which confirms that the
%THD figures are adequate and not more than the acceptable range of 2.5% [28]
which causes the BP output will not be distorted significantly for an applied
sinusoidal current input of variable amplitude and constant frequency.
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Fig. 8. Simulated responses of the proposed filter, showing
variation in pole frequency (f,) at constant Q =1 (a) BR (b) BP.
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Fig. 11. Variation in %THD of BP response.

To observe the effect of passive component mismatching on the filter’s
performance, Monte-Carlo analysis has been performed for 100 samples. For this, the
BP filter was simulated by selecting the values of capacitors C, and C, with 5%
Gaussian deviation. The statistical results in histogram are shown in Fig. 12, where
the simulated mean, median and standard deviations were obtained 6.76 MHz, 6.74
MHz and 131.62 kHz, respectively which reveal that with respect to the simulated
pole frequency of 6.33 MHz, the proposed filter is less sensitive to the changes in
capacitors value and thus offers good passive sensitivity.
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n samples = 188 sigma = 131618 median = 6.73635e+006
n divisions = 28 minimum = 6.49488e+006 98th %ile = 6.9512e+006
mean = 6.75581e+0806 18th %ile = 6.60627e+006 Maximum = 7.83116e+006

Fig. 12. Statistical results of Monte-Carlo analysis for
the BP response with 5% deviation in the capacitor values.

6. Another Aspect of Proposed Topology

In addition of single input five output current-mode operation of proposed topology
as discussed in the above sections, the same topology has another interesting aspect
which is three inputs single output (TISO) current-mode operation and can also be
used as TISO current-mode filter as shown in Fig. 13.
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Fig. 13. TISO configuration of the proposed circuit in Fig. 2.

The configuration can still realize all five filtering functions at current output lout,
depending upon the appropriate selection of current input(s) which are follow as

i. Anon-inverted LP response with l;,; = li;and i, = I3 =0.
ii. A non-inverted BP response with i, = I, and ljn; = linz =0.
iii.  Aninverted HP with lj3 = l;n1= linand L, = 0.
iv. Aninverted BR with lj;3 = li;and lin; = lip = 0.

V. Aninverted AP with I, =lins = i and i = 0.

However, the TISO configuration of current-mode filter suffers from some
problem like current insertion at several nodes which may increase additional
hardware. So in general, there is no use of presenting the TISO, when SIFO can be
realized from same topology.

Although, few of the current-mode topologies are reported in the literature which
have realized all five standard filter functions (LP, BP, HP, BR and AP) in both SIFO
(single input five output) and TISO configurations [30-32]. Hence, the proposed
work which having capability of realizing all five standard filter functions with both
SIFO and TISO configurations is compared with the similar works in cited Refs. [30-
32] as arranged in Table 2. Study of Table 2 reveals the following;

e The number of active elements used in the present proposal is only three which is
same as that in Ref. [30, 31]. However, the elements used in Ref. [32] are two,
but as it requires component matching constraints to realize HP function which
may need additional elements.

¢ In the present work, the circuit is operated at low voltage power supply of +
0.75V and consume less power (0.98 mW) as compared to the works reported in
[30-32], which use at least + 1.65V power supply [30].

« In the present work, the circuit is successfully designed for a high pole frequency of
6.4 MHz with low value capacitors (10pF) as compared to the proposals in [30-32].
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e In contrast to the present work, the circuit in [31] uses capacitor at low
impedance input terminal of the active element which will limit the higher
operating frequency range of the circuit [33].

Table 2. Comparison with the similar type works reported in [30-32].

Features Ref. [30] Ref. [31] Ref. [32] Proposed
Active elements
sccens 2SQEMY acceetas 3cFTAs
Passive elements C.=C, A Ci=C, C.=C,
_ Cl— C2 =1nF _ _
= 100pF R=R,= 1KQ =0.2nF = 10pF
Orthogonal
tunability of Q and No No Yes Yes
(O]
Matching
Conditions required No No Yes No
Capacitor connected
at high impedance
input port of the No Yes No No
element
LOW. e a}r!d_ Yes Yes Yes Yes
passive sensitivity
Power Supply Rails +165V +25V +175V +0.75V
CPREIEUTE ok 127MHz 159 kHZ 276 MHz 6.4 MHz

frequency

From the above comparison, it may be concluded that the proposed design affords
low cost, lower operated supply rails and low power solution for the applications
where cost and power are of prime concern.

7. Conclusion

A universal current input current output also called current-mode biquad filter consisting
of three CFTAs and two grounded capacitors is described in this proposal. Effect of non-
ideal factors and parasitic of the active element on the performance of the proposed
circuit is studied and discussed in detail. Besides it, extensive PSPICE simulation results
are also made to study all aspect of new current-mode filter. As expected, the simulation
results agree quite well with theoretical ones. However, slight deviation may arise due to
non-ideal factors and the parasitic involved. Moreover, the proposed filter offers
subsequent noticeable advantages:

o Versatility: The proposed circuit realizes all five current-mode filtering
functions, simultaneously by the use of single current input and thus, providing
SIFO structure. The proposed structure can be made versatile in the sense that
same structure can also realize all five standard filtering functions using TISO
configuration as discussed in section 6.

e Canonical structure: The proposed circuit is a canonical structure as it requires
only two grounded capacitors as passive elements. The canonical structure is
ideally suited for the integrability.

Journal of Engineering Science and Technology August 2017, Vol. 12(8)
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e Low supply and power consumption: The circuit is operated at DC power
supply rails of £ 0.75V and its total power consumption is only 0.98 mWw,
which is attractive for the battery operated portable electronic gadgets and
mobile communication systems.

e Impedance matching: With the use of CFTAs as active elements in the filter
design, there is availability of high impedance explicit output terminals for
proper impedance matching and no external buffers will be needed to draw the
current-mode responses. High impedance explicit outputs are also suitable for
direct cascading to implement higher order filters.

References

1. Wilson, B. (1990). Recent developments in current conveyors and current-mode
circuits. IEE Proceedings G-Circuits, Devices and Systems, 137(2), 63-67.

2. Toumazou, C.; Lidgey, F.J.; and Haigh, D.G. (1990). Analogue IC design: the
current-mode approach. London: Peter Peregrinus.

3. Fabre, A.; Saaid, O.; Wiest, F.; and Boucheron, C. (1996). High frequency
application based on a new current controlled conveyor. IEEE Transactions on
Circuit and System-1: Fundamental Theory and Applications, 43(2), 82-91.

4. Biolek, D.; Senani, R.; Biolkova, V.; and Kolka, Z. (2008). Active elements for
analog signal processing: Classification, Review, and New Proposal.
Radioengineering, 17(4), 3-15.

5. Herencsar, N.; Koton, J.; Vrba, K.; and Lattenberg, I. (2011). Current follower
trans-conductance amplifier (CFTA)- A useful building block for analog signal
processing. Journal of Active and Passive Electronic Devices, 6(3-4), 217-229.

6. Herencsar, N.; Koton, J.; Vrba, K.; and Lahiri, A. (2010). Novel mixed-mode
KHN equivalent filter using Z-copy CFTAs and grounded capacitors. CSS’10
Proceeding of the 4™ International Conference on Circuits, Systems and Signal.
Corfu Island, Greece, 87-90.

7. Suwanjan, P.; Jaikla, W. (2012). CFTA based MISO current-mode biquad filter.
Recent Researches in Circuits, Systems, multimedia and Automatic Control.
Wisconsin, USA, 93-97.

8. Duangmalai, D.; Noppakarm, A.; and Jaikla, W. (2011). Electronically tunable
low component-count current-mode biquadratic filter using CFTAs.
International Conference on Information and Electronics Engineering IPCSIT.
Singapore, 263-267.

9. Singh, B.; Singh, A.K.; and Senani, R. (2012). New universal current-mode
biquad using only three ZC-CFTAs. Radioengineering, 21(1), 273-280.

10. Herencsar, N.; Koton, J.; Vrba, K.; and Misurec, J. (2009). A novel current-mode
SIMO type universal filter using CFTAs. Contemporary Engineering Sciences,
2(2), 59-66.

11. Tangsrirat, W. (2011). Single input three output electronically tunable universal
current-mode filter using current follower trans-conductance amplifiers.
International Journal of Electronics and Communications (AEU), 65(10), 783-787.

12. Satansup, J.; and Tangsrirat, W. (2011). Single-input five-output electronically
tunable current-mode biquad consisting of only ZC-CFTAs and grounded
capacitors. Radioengineering, 20(3), 650-655.

Journal of Engineering Science and Technology August 2017, Vol. 12(8)



A New Current Tunable Current Input Current Output Biquad Using . . .. 2281

13. Tomar, R.S.; Singh, S.V.; and Chauhan, D.S. (2014). Cascadable low voltage
operated current-mode universal biquad filter. WSEAS Transactions on Signal
Processing, 10, 345-353.

14. Lawanwisut, S.; Siripruchyanun, M. (2012). A current-mode multifunction
biquadratic filter using CFTAs. The journal of KMUTNB, 22(3), 479-484.

15. Singh, S.V.; Tomar, R.S.; and Chauhan, D.S. (2014). Current tunable current-
mode TISO biquad filter consisting of two MCFTAs and minimum number of
grounded capacitors. In Proceedings of International Conference on Signal
Processing and Integrated Networks (SPIN). Noida, India, 555-560.

16. Tomar, R.S.; Singh, S.V.; and Chauhan, C. (2014). Fully integrated
electronically tunable universal biquad filter operating in current-mode.
Proceedings of International Conference on Signal Processing and Integrated
Networks (SPIN). Noida, India, 549-554.

17. Li, Y. (2012). A series of new circuits based on CFTAs. International Journal of
Electronics and Communications (AEU), 66(7), 587-982.

18. Uttaphut, P. (2012). Realization of tunable current-mode multiphase sinusoidal
oscillators using CFTAs. World Academy of Science, Engineering and
Technology, 6(9), 719-722.

19. Mongkolwai, P.; Dumawipata, T.; and Tangsrirat, W. (2011). Current-mode
quadrature oscillator employing ZC-CFTA based first-order allpass sections.
Proceedings of International Conference on Modelling and Simulation
Technology (JSST). Tokyo, Japan, 472-475.

20. Abuelma'atti, M.T.; and Tassadug, N.A. (1998). New current-mode current
controlled filters using current-controlled conveyor. International Journal of
Electronics, 85, 483-488.

21. Khan, LLA.; and Zaidi, M.H. (2000). Multifunction translinear-C current mode
filter. International Journal of Electronics, 87(5), 1047-1051.

22. Tangsrirat, W.; Surakampontorn, W. (2007). High output impedance current-
mode universal filter employing dual-output current-controlled conveyors and
grounded capacitors. International Journal of Electronics and Communication
(AEU), 61(2), 127-131.

23. Senani, R.; Singh, V.K.; Singh, A.K.; and Bhaskar, D.R. (2004). Novel
electronically controllable current mode universal biquad filter. Circuits, Systems
& Signal Processing, 27(1), 410-415.

24. Maheshwari, S.; and Khan, I.A. (2004). Novel cascadable current-mode
translinear-C universal filter. Active and Passive Electronic Components, 27(4),
215-218.

25. Maheshwari, S.; and Khan, I.A. (2005). High performance versatile translinear-C
universal filter. Journal of Active and Passive Electronic Devices, 1, 41-51.

26. Singh, S.V.; Maheshwari, S.; and Chauhan, D.S. (2014). Electronically tunable
CCCCTA-based cascadable current-mode universal biquad filter. Journal of Active
and Passive Electronic Devices, 9(1), 39-51.

27. Singh, S.V.; Maheshwari, S.; and Chauhan, D.S. (2009). Electronically tunable
current mode universal biquad filter based on the CCCCTA. IEEE International
Conference on Advances in Recent Technologies in Communication and
Computing (ARTCOM). Kerala, India, 424-429.

Journal of Engineering Science and Technology August 2017, Vol. 12(8)



2282 S.V. Singh et al.

28.

29.

30.

31.

32.

33.

Maheshwari, S.; Singh, S.V.; and Chauhan, D.S. (2011). Electronically tunable
low voltage mixed mode universal biquad filter. IET Circuits Devices System,
5(3), 149-158.

Prommee, P.; Angkeaw, K.; Somdunyakanok, M.; and Dejhan, K. (2009).
CMOS- based near zero-offset multiple inputs max-min circuits and its
applications, Analog Integrated Circuits and Signal Processing, 61(1), 93-105.

Chen, H.P.; and Chu, P.L. (2009). Versatile universal electronically tunable
current-mode filter using CCClls. IEICE Electronics Express, 6(2), 122-128.

Wang, H.Y.; and Lee, C.T. (2001). Versatile insensitive current-mode universal
bigquad implementation using current conveyors. IEEE Transaction on Circuits
and Systems-11: Analog and Digital Signal Processing, 48(4), 409-413.

Singh, S.V.; and Maheshwari, S. (2012). Current-processing current controlled
universal biquad filter. Radioengineering, 21(1), 317-323.

Fabre, A.; Saaid, O.; and Barthelemy, H. (1995). On the frequency limitations of
the circuits based on second generation current conveyors. Analog Integrated
Circuits and Signal Processing, 7(2), 113-129.

Journal of Engineering Science and Technology August 2017, Vol. 12(8)



