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CURRENT CONVEYORS

Mehmet Can BAYRAM

M. S. Thesis - Electronics Engineering
June 2006

Supervisor: Prof. Dr. Kemal FIDANBOYLU

ABSTRACT

Current conveyors and current conveyor based active elements are having a big
attention lately. This attention let them to be used in the applications in various designs of
analog electronics like amplifiers, filters, impedance converters, gyrators, oscillators or more
generally signal processing circuits.

In this thesis, we have focused on the experimental verification of voltage mode
second order multiple input single output (MISO) filters and design of both voltage-mode and
current-mode second-order filters using current conveyors. We have presented three voltage-
mode MISO second-order filters using CClIs and one current-mode multifunctional second-
order filter using DO-CCCII.

The MISO filters and multifunction filter transfer functions are analyzed for both
ideal and non-ideal cases. The validity of the voltage mode filters has been verified both
experimentally and through PSPICE simulations. On the other hand, the validity of the
current mode filter has been verified only through PSPICE simulation.

Keywords: Current Conveyors, Current-mode, Voltage-mode, Active filters, Multifunction

filters, AD844.
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AKIM TASIYICILAR KULLANARAK GERILIiM VE AKIM-MODLU COK
ISLEVLI FILTRE TASARIMI

Mehmet Can BAYRAM

Yiiksek Lisans Tezi — Elektronik Miihendisligi
Haziran 2006

Tez Yoneticisi: Prof. Dr. Kemal FIDANBOYLU

(0Y/

Son senelerde akim tasiyicilar ve akim tasiyici tabanh aktif elemanlara olan ilgi giderek
artmaktadir. Bu ilgi alan aktif elemanlarin genellikle amplifilatorler, empedans ¢eviriciler,
jiratorler, osilatorler ve Ozellikle isaret isleme devreleri gibi ¢esitli analog elektronik
devrelerdeki uygulamalari dahi kullanimina yol agmustir.

Bu tezde, ikinci dereceden cok-girisli tek-¢ikigli gerilim-modlu filtrelerin deneysel
gerceklemesi ve gerilim-modlu ve akim-modlu ikinci dereceden c¢ok fonksiyonlu filtre
devrelerinin akim tasiyicilarla tasarimi ele alinmistir. CCII kullanarak {i¢ adet ikinci
dereceden cok-girisli tek-¢ikish gerilim-modlu filtre devresi ve DO-CCCII kullanarak bir
adet ikinci dereceden ¢ok fonksiyonlu akim-modlu filtre devresi sunulmustur.

Cok girisli-tek cikislt filtrelerin ve ¢ok islevli filtrelerin transfer fonksiyonlar1 ideal ve
ideal olamayan durumlarda analiz edilmistir. Tiim Gerilim-modlu filtreler hem deneysel
olarak hem de PSPICE simulasyon programiyla gerceklenmistir. Diger taraftan Akim-modlu
filtre yalnizca PSPICE devre simulasyon programi kullanilarak gergeklenmistir.

Anahtar Kelimeler: Akim tasiyicilar, Akim-modu, Gerilim-modu, Aktif filtreler, Cok islevli
filtreler, AD844.
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CHAPTER 1

INTRODUCTION

Since their introduction in 1968, the current conveyors have led to a great
number of applications in various designs of analog electronics, like amplifiers, filters,
impedance converters, gyrators, oscillators or more generally signal processing circuits
(Smith and Sedra, 1968).

Current-mode circuits and related active components such as current conveyor
(CC), operational trans-conductance amplifier (OTA), operational mirrored amplifier
(OMA), current feedback operational amplifier (CFOA), four terminal floating nullor
(FTFN) emerged as an important class of circuits with properties that enable them to
rival their voltage-mode counterparts in wide range applications. A current-mode circuit
may be taken to mean any circuit in which current is used as active variable in
preference to voltage, either throughout the whole circuit or only in certain critical
areas. A current-mode approach is not just restricted to current processing, but also
offers certain important advantages when interfaced to voltage-mode circuits. The use
of current, rather than voltage as the active parameter can result in higher usable gain,
accuracy and band-width due to reduced voltage excursion at sensitive nodes
(Toumazou et al., 1990).

Although, current-mode circuits have important advantages over their voltage-
mode counterparts, voltage-mode circuits are attractive especially with current
conveyors. Conventional voltage-mode circuits consist of operational amplifiers which
have the disadvantage of severely reduced bandwidth at higher gain, because of the
operational amplifiers fixed gain-bandwidth product (Wilson, 1990), (Kumar and
Shukla, 1985).



Second order active filters using different kind of active elements are of great
interest. Many active filters were proposed in the literature. In this thesis, we focus on
the design of second order voltage-mode multifunction filters using second generation
current conveyors and the design of second order current-mode multifunction filters
using dual-output second generation current conveyors.

It is also important to realize active filters using minimum number of active and
passive elements. In the literature, most of the circuits have been realized using
minimum number of elements (Sagbas et al., 2005). In this thesis, we also present
active filters using minimum number of active and passive elements. All voltage-mode
circuits in the thesis were experimentally verified using the AD844 IC manufactured by
Analog Devices. The AD844 IC is a commercially available, versatile, low cost active
component providing an excellent combination of AC and DC performance. It
combines high bandwidth and very fast large signal response with excellent DC
performance. It is also free from the slew rate limitations inherent in traditional opamps
and other current-feedback opamps. It can be used instead of traditional opamps,
however its current feedback architecture results in much better AC performance and
high linearity (Analog Devices, 1990). It is equivalent to a combination of a positive-
type second generation current conveyor and a unity-gain voltage buffer (Svoboda et
al., 1991).

This thesis has been separated into several chapters. In Chapter 2, the literature
survey on current-mode, voltage-mode circuits and current conveyors are presented.

Chapter 3 presents a new voltage-mode multiple-input single-output
multifunction (MISO) filter using a single negative type second generation current
conveyor (CCII-). The proposed multifunction filter is verified both experimentally and
through simulations. For experimental verification, the commercially available current
feedback operational amplifier AD844 manufactured by Analog Devices is used. The
simulations are carried out using the model parameters of AD844 from the built-in
library of PSPICE simulation program. The circuit analysis and sensitivity calculations
are performed for both ideal and non-ideal cases. This filter which possesses three-
inputs and one-output can generate all biquadratic filtering functions of low-pass, high-
pass, band-pass and band-reject at the output terminal by selecting different input signal
combinations Experimental and simulation results for low-pass, band-pass, high-pass,

and band-reject filter configurations are presented at the end of the chapter.



Chapter 4 presents the experimental verification of a voltage-mode multiple-
input single-output multifunction filter using a single current conveyor proposed by
Sagbas (Sagbas, 2003). The current conveyor is realized by a commercially available
current feedback operational amplifier AD844 of Analog Devices. The experimental
results are also compared with PSPICE simulations. Effect of the non-idealities and the
sensitivity analysis of the proposed filter are also examined. The circuit uses one
positive-type second generation current conveyor (CCII+), three resistors and two
capacitors. The use of CCII+ simplifies the filter circuit configuration. This filter which
possesses three-inputs and one-output can generate all biquadratic filtering functions of
low-pass, high-pass, band-pass and band-reject at the output terminal by selecting
different input signal combinations. Experimental and simulation results for low-pass,
band-pass, and high-pass filter configurations are presented at the end of the chapter.

Chapter 5 presents the experimental verification of a voltage-mode multiple-
input single-output multifunction filter using two current conveyors proposed by Sagbas
et al. (Sagbas et al., 2005). The current conveyors are realized by commercially
available current feedback operational amplifier AD844 of Analog Devices. The
experimental results are also compared with PSPICE simulations. Effect of the non-
idealities and the sensitivity analysis of the proposed filter are also examined. The
circuit uses one positive-type second generation current conveyor (CCII+), one
negative-type second generation current conveyor (CCII-), three resistors, and two
capacitors. This filter which possesses three-inputs and one-output can generate all
biquadratic filtering functions of low-pass, high-pass, band-pass and band-reject at the
output terminal by selecting different input signal combinations. Experimental and
simulation results for low-pass, band-pass, and high-pass filter configurations are
presented at the end of the chapter.

Chapter 6 presents a new current-mode multifunction filter that realizes three
basic filter functions at its high impedance outputs with minimum number of passive
elements. The proposed filter consists of only two passive elements (two capacitors)
and two dual-output second generation current controlled conveyors (DO-CCCIlIs). It
has a single-input and three high impedance outputs. Each output provides a different
filter response, namely low-pass (LP), high-pass (HP), and band-pass (BP). The
sensitivity analysis is performed for ideal and non-ideal filter configurations. The
validity of the proposed filter is verified through PSPICE simulations.

Finally, conclusions for the thesis are presented in Chapter seven.



CHAPTER 2
LITERATURE SURVEY

2.1 HISTORICAL BACKGROUND

2.1.1 Voltage Mode Circuits

Voltage-mode circuits using conventional operational amplifier have the
disadvantage of severely reduced bandwidth at higher gains, because of the op-amp’s
fixed gain-bandwidth product. This disadvantage can be eliminated by using current
conveyors and current conveyor based active components (Wilson et al., 1990), (Kumar

et al., 1985), (Wandsworth et al., 1990).

Recently, many single and multi-output voltage-mode universal biquadratic
filters using current conveyors have been reported in the literature (Chang, 1997),
(Chang et al., 1999), (Horng et al., 1996), (Horng et al., 1997), (Liu et al., 1997),
(Ozoguz et al., 1996), (Horng, 2001), (Ozcan et al., 2003), (Horng, 2004). Some of
these filters employ single current conveyors (Liu et al., 1991), (Chong et al., 1986),
(Ozcan et al., 2003), some others use single negative type current conveyors (Terzioglu
and Cicekoglu, 2004), (Tiliute, 2001), and some of them employ two positive-type
second-generation current conveyors (CCII+) and one voltage follower (Chang et al.,
1999), (Ozuguz et al., 1996). Other filter types reported in the literature use one
positive-type second-generation current conveyor (CCII+), one negative-type second-
generation current conveyor (CCII-) and two capacitors and three resistors (Horng et

al., 1996), (Liu et al., 1997).



Recently, Liu et al. reported a voltage-mode filter which employs one CCII+,
one CCII-, two capacitors and three resistors (Liu et al., 1997). Chang proposed a
voltage-mode filter which employs three CCII+s, two capacitors and three resistors
(Chang, 1997). Later, Chang and Tu presented a voltage-mode filter which employs

two CClII+s, two capacitors and three resistors with orthogonal control of @, and Q

(Chang et al., 1999). However, this filter has four inputs and its transfer function is very
complex (Chang et al., 1999). Horng proposed a voltage-mode filter which employs
three CClII+s, two capacitors and two resistors (Horng, 2001).

The above mentioned filters employ at least two current conveyors. Several of
these kinds of circuits are proposed using up to ten current conveyors or current
conveyor based active components in the literature, however they suffer from one or
more of the following drawbacks: Some of them use an excessive number of active
components (Horng, et al., 2004), (Chang et al., 2003), (Shah et al., 2003), (Weng et
al.., 2000), (Chang et al., 1999), (Horng et al., 2000), (Minaei et al., 2005), (Tangsrirat
et al., 2005), (Horng et al., 2005), (Shah et al.,2003), (Shah et al., 2005). Since power
consumptions are important for the circuit designers, they look for simple structures
employing no more than a single active element. Some others use large number of
passive components (Sharma et al., 2003), (Hou et al., 1999), (Horng et al., 2002),
(Horng, 2004), (Weng et al., 2000), (Chang et al., 1999), (Tangsrirat et al., 2005),
(Horng et al., 2005), (Shah. et al., 2005). Some of them do not realize all of the basic
filter functions (Sharma et al., 2003), (Hou et al., 1999), (Ozcan et al., 2003), (Horng et
al., 2004), (Chang et al., 1999), (Minaei et al., 2005). Some others require extra
inverting-type input signals for realizing filter functions (Ozcan et al., 2003), (Horng,
2004), (Horng, 2003), (Horng, 2000). Some need high number of inputs and/or outputs,
which imply high complexity (Horng et al., 2002), (Shah et al., 2005). Some of them
are open loop circuits. It is well known that open loop circuits have disadvantages over
their counterpart close loop circuits (Sharma et al., 2003), (Ozcan, et al., 2003). Some
others are lack of electronic tunability property (Sharma, et al., 2003), (Ozcan et al.,
2003), (Horng et al., 2002), (Shah et al., 2005), (Horng et al., 2004), (Horng, 2004),
(Chang et al.,, 2003), (Horng, 2003), (Shah et al., 2003), (Chang et al., 1999),
(Tangsrirat et al., 2005), (Shah et al., 2005).



2.1.2 Current Mode Circuits

The operational amplifier has served as the basic building block in analogue
circuit design with the introduction of integrated circuits. Since then, the performance
requirements for analogue circuits have changed after new integrated analogue circuit
applications have appeared. Voltage-mode operational amplifier circuits have limited
bandwidth at high closed-loop gains due to the constant gain-bandwidth product.
Furthermore, the limited slew-rate of the operational amplifier affects the large-signal,
high-frequency operation. When wide bandwidth, low power consumption and low
voltage operation are needed simultaneously, the voltage-mode operational amplifier
becomes too complex and has characteristics that are not needed, for example DC
accuracy (Toumazou et al., 1990).

One procedure for finding alternative, preferably simpler circuit realizations is
to use current signals rather than voltage signals for signal processing.

The use of current, rather than voltage as the active parameter can result in
higher usable gain, accuracy and bandwidth due to the reduced voltage excursion at
sensitive nodes.

Current-mode circuits have become very attractive due to some important
advantages in comparison with their counterpart voltage-mode circuits. Some of these
advantages are: wider bandwidth, lower power consumption, greater linearity and wider
dynamic range (Toumazou et al., 1990).

Thus, a number of circuit realizations for universal current mode filters were
proposed (Chang and Chen, 1991a), (Chang et al., 1994). These circuits suffer from one

or more of the following drawbacks:

e Lack of electronic adjustability (Chang and Chen, 1991b), (Soliman, 1995),
(Abuelma’atti and Shabra, 1996), (Chang, 1997).

e The use of one or more floating resistors and capacitors (Chang, 1997), (Senani,
1996), (Ozoguz and Acar, 1997).

e The use of an excessive number of current conveyors of different types (Senani,
1996), (Abuelma’atti and Khan, 1995), (Chang, 1993b), (Sun and Fidler, 1994),
(Papazoglou and Karybakas, 1997).

e The need of additional current conveyors for realizing band reject response

(Soliman, 1995), (Abuelma’tti and Khan, 1995), (Chang, 1993c).



e The necessity of changing the topology of the circuit which implies that the
basic filter functions (low-pass, high-pass, and band-pass) can not be
simultaneously realized (Hou and Wu, 1997).

e The use of three inputs and one output, which implies that only one filter
function can be realized at a time (Chang et al., 1994), (Chen, 1991), (Chang,
1997).

The most important current mode devices are: The current feedback operational
amplifier, the current-conveyor with its various subclasses developed in the last few
years and the current follower. Nowadays, almost all the known circuits have current-
mode implementations using these devices, starting from amplifiers, active filters,
oscillators, precision rectifiers, voltage regulators and so on (Chong and Smith, 1986),
(Chiu, 1996), (Becvar, 2000).

Current conveyors, introduced in the early 1970’s, are now emerging as an
important class of circuits which have a great number of applications in the various
designs of analog electronics, such as amplifiers, filters, impedance converters,
gyrators, oscillators or more generally signal processing circuits (Toumazou et al.,
1990).

The first generation current conveyor (CCI) was introduced by Smith and Sedra
in 1968 (Smith and Sedra, 1968). However CCI had distortion and accuracy limitations
due to base current errors and output impedance restrictions (Wandsworth, 1990).
Hence, in 1970 Sedra and Smith presented a more useful element, which was named as
second generation current conveyor (CCII) (Smith and Sedra, 1970).

An improved version of second generation current controlled conveyor (CCCII)
was introduced by Fabre et al. in 1995 (Fabre et al., 1995). Several other active filters
operating in current-mode were presented in literature (Chang, 1993b), (Sun and
Jefferis, 1998).

In the previous decade, different types of of circuits using current conveyors
were realized (Teumazou et al., 1990), (Fabre, 1995), (Kuntman et al., 2000).
Biquadratic current-mode active filter circuits including single current conveyors make
up an important part of these circuits. It is very important to realize universal active

filters with minimum number of active and passive elements.



Second generation current conveyors (CCII) were found very useful in filtering
applications. Second-order active filters with infinite output impedance are of great
interest because several cells of this kind can be directly connected in cascade to
implement higher-order filters (Higashimura, 1991), (Soliman, 1996).

Although CClIs have a great number of applications in various design of analog
electronics, such as amplifiers, filters, impedance converters, gyrators, oscillators or
more generally signal processing circuits (Hou et al., 1993), (Liu et al., 1990), they
lack electronic adjustability. However, many applications require electronic
adjustability. In particular, sophisticated techniques of signal processing require the
ability to adapt filter characteristics extensively (Kwan and Martin, 1991). In such
cases, it is desirable to vary filter coefficients electronically.

In current-mode circuits, transconductors (OTA) are used for performing the
tuning operation (Khan and Ahmet, 1987), (Abuelma’atti et al., 1998). These are
flexible and robust commercial devices which are able to provide a transconductance
variation over a wide range. However, the non-virtually zero voltage which exists
between the input terminals of the OTAs is a considerable drawback in filter design
(Papazoglou and Karybakas, 1997).

By using the second generation current controlled conveyor (CCCII) introduced
by Fabre et al. in 1995, current conveyor applications can be made electronically
adjustable. Several active filters using this feature have been presented in the literature
(Sun and Jefferis, 1998), (Chang, 1993a).

Minaei and Turkoz proposed a new current mode current controlled universal
filter using four single-output current controlled conveyors and two grounded capacitors
in 2000 (Minaei and Turkoz, 2000).

In 2000, Khan and Maheshwari, proposed new first order all-pass section using
CCCII which uses two resistors and two capacitors. Although, this circuit provides
electronic adjustability of the pole frequency, it works only in the voltage-mode (Khan
and Maheshwari, 2000).

Minaei and Turkoz have proposed a new current mode current controlled
universal filter using four single-output current controlled conveyors and three
grounded capacitors in 2001 (Minaei and Turkoz, 2001). The proposed filter can
simultaneously realize low-pass, band-pass and high-pass responses at high output

impedance. The circuit provides independent control of the parameters w,, and @, /Q



by adjusting the bias current of the CCClls, without disturbing the gains of the low-
pass, band-pass and high-pass responses. In the same year, Minaei et al (Minaei et al.,
2001) proposed a new second order band-pass, low-pass and high-pass filters using
only one or two current controlled conveyors.

Recently, Sagbas and Fidanboylu have also proposed a new electronically
tunable universal filter with single-input, triple-output employing only four elements
(two capacitors and two negative-type second generation current controlled conveyors
(CCCID)) (Sagbas and Fidanboylu, 2004). The proposed filter realizes three basic filter

functions simultaneously: lowpass, highpass and bandpass.

2.1.3 Multifunction Current-Mode and Voltage-Mode Circuits

Voltage-mode and current mode filters have been classified in the literature into

three categories.

(1) Single-input and single-output filters (Chang and Chen, 1991b), (Sun and
Fidler, 1994).

(i1) Single-input and multi-output filters (Senani, 1992), (Chang, 1993a).

(iii)  Multi-input and single-output filters (Chang and Chen, 1991a), (Chang,
1997).

Single-input and multi-output filters usually have two or three outputs and can
implement two or more different filter functions simultaneously. The general form of

their input-output transfer functions are as follows: V,, = f,(V.), V,, = f2(V)),
Vo, = f(V.), etc. Several voltage-mode and current-mode single-input and multi-

output multifunction filters were proposed in the literature (Singh and Senani, 1990),
(Chang, 1993a), (Papazogluo and Karybakas, 1997).

Singh and Senani proposed a single-input, triple-output voltage-mode
multifunction filter which employed three current conveyors (Singh and Senani, 1990).
It gave the basic filter responses such as low-pass, band-pass and high-pass. Band-reject
response was also obtained by selecting different output signal combinations.

Later, Chang proposed five different single-input and multi-output voltage-

mode multifunction filters (Chang, 1997).
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Papazoglou and Karybakas proposed electronically tunable single-input and
triple-output current-mode multifunction filter (Papazogluo and Karybakas, 1997).

Chang proposed single-input and double-output current-mode multifunction
filter which employed two current conveyors (Chang, 1993a). The outputs of the circuit
did not have a high impedance, so it was not cascadable.

Multi-input and single-output filters have slightly different characteristics than
the single-input filters. The general form of their input-output function is as follows:

V,=1W.,V,,V,,..). Different type of filter functions can be obtained by applying the

signal to some inputs and by grounding the rest.

Many voltage-mode and current mode multi-input and single-output
multifunction filters were proposed in the literature (Chang et al., 1994), (Horng et al.,
1996), (Ozoguz and Gunes, 1996), (Horng et al., 1997), (Liu and Lee, 1997).

Chang and Lee proposed multi-input and single-output voltage-mode
multifunction filter which employed three current conveyors and one current follower
(Chang and Lee, 1996). Horng, et al. proposed the same configuration using one
negative-type current conveyor, one positive-type current conveyor and one current
follower (Horng et al., 1996).

As it can be seen from the above mentioned references, there has been a great emphasis

on the design and implementation of filter design using current conveyors.

2.2 CURRENT CONVEYORS

A current conveyor is a four terminal device which when arranged with other
electronic elements in specific circuit configurations can perform many useful analog
signal processing functions (Smith and Sedra, 1968,), (Smith and Sedra, 1970). A
Current conveyor received great attention in recent years as an alternative active
element to classical voltage-mode operational amplifiers. The reason is mainly due to
the commercial availability of current conveyor components as integrated circuits
(Wandsworth, 1990). In voltage-mode circuit the input-output variables are voltages
and in current-mode circuits they are currents. The classical operational amplifier with
its high input impedance and low output impedance is a suitable element for voltage-
mode circuits. However, the current conveyor has one high input impedance (ideally

infinite), one low input impedance (ideally zero) and one high output impedance. These
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properties makes the current conveyor a suitable element for both voltage-mode and

current-mode applications.

In mathematical terms, the current conveyor is described by the following

hybrid equations:

B
N

2.2.1)

NN

=

I
oS O =
=~ I o
oS O O
N‘RN

Where, the generation of the current conveyor is determined by m and the
symbol & determines the polarity of the conveyor. Types and generations of current

conveyor is shown in Table 2.1

Table 2.1 Current conveyor generations and types.

m k
Positive type first generation current conveyor (CCI+) 1 1
Negative type first generation current conveyor (CCI-) 1 -1
Positive type second generation current conveyor (CCII+) 0 1
Negative type second generation current conveyor (CCII-) 0 -1
Positive type third generation current conveyor (CCIII+) -1 1
Negative type third generation current conveyor (CCIII-) -1 -1

2.2.1 First Generation Current Conveyor (CCI)

The first generation current conveyor (CCI) was introduced by Smith and Sedra
in 1968 (Smith and Sedra, 1968). It is a 3-port device whose block diagram
representation can be seen in Fig. 2.1.

In mathematical terms, CCI is described by the following hybrid equation

Vx 1 0 I/,V
L|=lo 1 0 ||, (2.2.2)
I 0 1 O V
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Taking the non-idealities of the CCI into account, the above hybrid equation can

be rewritten as

V. g 0 0 v,
I, (=0 1 0 I, (2.2.3)
I, 0 £a O f

where, f=1-¢, anda=1-¢,. ¢, (|g,/| <<1) and ¢, (|gi| << 1) denote the voltage and

current tracking errors, respectively. In Eq. (2.2.2) and Eq. (2.2.3) the positive sign
denotes a positive-type first generation current conveyor (CCI+) and the negative sign

denotes a negative-type first generation current conveyor (CCI-).

I
VX'D—P—X X I

| ccl z+oV;
Vvo—;’r—y

Figure 2.1 Block diagram of a first generation current conveyor.

2.2.2 Second Generation Current Conveyor (CCII)

To increase the versatility of the current conveyor, a second generation in which
no current flows in terminal y, was introduced by Smith and Sedra in 1970. This
building block has since proven to be more useful than CCI. Utilizing the block
diagram representation of Fig. 2.2, (Smith and Sedra, 1970), CCII is described by
following hybrid equation

V. 1 0 O Vv,
I,(=|0 0 0 I, (2.2.4)
I 0+1 O V
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Taking the non-idealities of the CCI into account, the above terminal equations

can be rewritten as

vl g o o ||V,
I,1=0 0 0 |1, (2.2.5)
I. 0 za O f

where, f=1-¢, anda=1-¢,. &, (|8,,| <<1) and ¢, (|81.| << 1) denote the voltage and

current tracking errors, respectively. In Eq. (2.2.4) and Eq. (2.2.5) the positive sign
denotes a positive-type second generation current conveyor (CCII+) and the negative

sign denotes a negative-type second generation current conveyor (CCII-).

I
VXO—DX— X I

L | cen zp<ov;
Vyo—y— y

Figure 2.2 Block diagram of a second generation current conveyor.

CCII has three terminals; terminal y of the second generation current conveyor
exhibits infinite input impedance. The voltage at terminal x follows that applied to the
voltage terminal y, thus terminal x exhibits zero input impedance. The current supplied
to terminal x is conveyed to the high-impedance output terminal z which can be
supplied with either positive polarity or negative polarity.

CCllIs have wide application areas such as the realization of controlled sources,
impedance converters, impedance inverters, gyrators, oscillators, and various analog
computational elements like current amplifiers, current differentiators, current
integrators, current summers and weighted current summers. A great deal of work has
been reported on the realization of the voltage-mode and current-mode filters (Sun and
Fidler, 1994), (Horng, 2001).

Schematic implementation for the positive-type and negative-type CClls, using

BJT technology is shown in Fig. 2.3 and Fig 2.4, respectively, (Smith and Sedra, 1970).
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Q12

| Z+

Figure 2.3 Schematic implementation for positive-type second generation current

conveyor (CCII+) using BJT technology.

—

014
L] e
016 ’
Hia
| E-
o1g | ke

Ej ] iﬂiﬂ

Figure 2.4 Schematic implementation for negative-type second generation current

conveyor (CCII-) using BJT technology.
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2.2.3 Dual-Output Second Generation Current Conveyor (DO-CCII)

The dual-output second generation current conveyor (Soliman, 1997) also called
four terminal active current conveyor (CFCCII) (Gunes and Anday, 1996) which is

shown in Figure 2.5 is defined by the following hybrid equations:

V., 010 07,
I, 000 0[V
- (2.2.6)
[Z+ 1 0 0 O VZ+
| [-1 00 0]y

The input impedances for the ideal DO-CCII are infinite at terminal y and zero
at terminal x, respectively. The terminal z, that is equivalent to a current generator,
possesses infinite output impedance.

This active element has been used in other application (Ikeda and Tomita,
1994). Bipolar and CMOS realizations for the DO-CCII are presented in (Ikeda and
Tomita, 1994), (Elwan and Soliman, 1996). Schematic implementation for negative
type CCCII using BJT technology is shown in Fig. 2.6.

Taking the non-idealities of the DO-CCII into account, the above terminal

equations can be rewritten as

V. 0 g 0 0f1,
I, 0 0 0 0|V,
= (2.2.7)
]z+ a O O O Vz+
I —a 0 0 0V

where f=1-¢, and a=1-¢,.

1

&y (|5,,| <<1), g (|5l.| << 1) denote the voltage and

current tracking errors, respectively.

I
on—li"‘— . oV,
I DO-CCII 2 I
VYO_'_Y y ¢ oV,.

Figure 2.5 Block diagram of a dual-output second generation current conveyor.
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Figure 2.6 Schematic implementation for DO-CCII using BJT technology.

<
~

2.2.4 Third Generation Current Conveyor (CCIII)

The third generation current conveyor (CCIII) was presented by Fabre in 1995
(Fabre, 1995). This circuit picks up the current on a floating passive element. A CMOS
implementation of CCII was presented by Piovaccari in 1995 (Piovaccari, 1995).

The third generation current conveyor is shown in Fig. 2.7 and its schematic
implementation using CMOS technology is shown in Fig. 2.8. The terminal equations

of the third generation current conveyor is given by

=10 -1 0 |1 (2.2.8)
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Taking the non-idealities of the CCIII into account, the above terminal equations

can be rewritten as

I,(=|10 -1 0 ||/, (2.2.9)
I, 0 fa 0 ||V,

where f=1-¢ and a=1-¢,. g, (|g,,| <<1), & (|gi| << 1) denote the voltage and

current tracking errors, respectively.

I
on—P—X X I

| ccmzi—=V;
Vyo——y

Figure 2.7 Block diagram of a third generation current conveyor (CCIII).

M1

vdd

[
M11

M16

Figure 2.8 Schematic implementation for third generation current conveyor (CCIII)

using CMOS technology.
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2.3 THE AD844 OPERATIONAL AMPLIFIER

The AD844 is a high speed monolithic operational amplifier fabricated using
Analog Devices’ junction isolated complementary bipolar (CB) process. It combines
high bandwidth and very fast large signal response with excellent dc performance.
Although optimized for use in current to voltage applications and as an inverting mode
amplifier, it is also suitable for use in many noninverting applications. The AD844 can
be used in place of traditional op amps, but its current feedback architecture results in
much better ac performance, high linearity and an exceptionally clean pulse response.
This type of op amp provides a closed-loop bandwidth which is determined primarily
by the feedback resistor and is almost independent of the closed-loop gain. The AD844
is relatively free from the slew rate limitations inherent in traditional op amps and other
current-feedback op amps. Connection diagram of AD844A is shown in Fig. 2.9.
(Analog Devices, 1990)

L
MuLL | 1 | = B | NULL
ADB44
-iN| 2 - L R
+IN| 3 + & | ouTPur
-V 5|1z

s L*1 Tor view

Figure 2.9 Connection Diagram of CFOA AD844/AD.

The AD844 op-amp has the following advantages:

(1) It is a versatile, low cost component providing an excellent combination of ac
and dc performance (Analog Devices, 1990).
(i) It is essentially free from slew rate limitations. Rise and fall times are essentially
independent of output level (Analog Devices, 1990).
(ii1)) It can be operated from +4.5 V to £18 V power supplies and is capable of
driving loads down to 50 Q, as well as driving very large capacitive loads using

an external network (Analog Devices, 1990).



(iv)

V)

(vi)
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The offset voltage and input bias currents are laser trimmed to minimize dc
errors; VOS drift is typically 1 mV/°C and bias current drift is typically 9 nA/°C
(Analog Devices, 1990).

It exhibits excellent differential gain and differential phase characteristics,
making it suitable for a variety of video applications with bandwidths up to 60
MHz (Analog Devices, 1990).

It combines low distortion, low noise and low drift with wide bandwidth,
making it outstanding as an input amplifier for flash A/D converters. (Analog

Devices, 1990)



CHAPTER 3

A NEW VOLTAGE MODE MULTIPLE INPUT SINGLE OUTPUT
(MISO) FILTER USING A SINGLE NEGATIVE TYPE CURRENT
CONVEYOR

3.1 INTRODUCTION

In this chapter, a new voltage-mode multiple-input single-output multifunction
(MISO) filter using a single negative type second generation current conveyor (CCII-)
is proposed. The proposed multifunction filter is verified both experimentally and
through simulations. For experimental verification, the commercially available current
feedback operational amplifier AD844 manufactured by Analog Devices was used. The
simulations were carried out using the model parameters of AD844 from the built-in
library of PSPICE simulation program. The circuit analysis and sensitivity calculations

are performed for both ideal and non-ideal cases.

Recently, many MISO universal biquadratic filters using current conveyors or
current conveyor based active elements have been reported in the literature. Some of
these filters employ two positive type second generation current conveyors (CCII+s)
and one voltage follower (Chang et al., 1999), (Ozoguz and Gunes, 1996). Some other
filters employ one CCII+, one CCII-, and two capacitors and three resistors (Horng et

al., 1996), (Liu et al., 1997).

The proposed circuit uses only one CCII-, two resistors and two capacitors. This
filter, which possesses three-inputs and one-output can generate all biquadratic filtering
functions of low-pass, high-pass, band-pass, band-reject, and all-pass at the output
terminal by selecting different input signal combinations and has the following

advantages over the ones proposed in literature.

20
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(iii)
(iv)
(v)
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Voltage-mode circuits using conventional operational amplifier have the
disadvantage of severely reduced bandwidth at higher gains because of the op-
amp’s fixed gain-bandwidth product. These disadvantages can be eliminated by
using current conveyors and current conveyor based active elements (Wilson et
al., 1990), (Wandsworth et al., 1990).

Realization of all the basic filter functions: low-pass, high-pass, band-pass,
band-reject, and all-pass;

Low passive and active sensitivities.

Ability to adjust the natural frequency and quality factor.

High quality factor

This chapter is divided into several sections. Section 3.2 presents circuit

description and the analysis of the proposed multifunction filter for both ideal and non-

ideal cases. In section 3.3, the sensitivity analysis of the proposed filter is presented. In

section 3.4, the experimental and simulation results are presented.

3.2 CIRCUIT DESCRIPTION AND ANALYSIS OF THE PROPOSED FILTER

3.2.1 Ideal Case

The block diagram of a negative-type second generation current conveyor

(CCII-) is shown in Fig. 3.1. The terminal equations for the ideal case can be written as

(Smith et al., 1970)

1,=0 (3.2.1)
V.=V, (3.2.2)
I, =—1.. (3.2.3)
Iy
z
I, | cCl-z ——0V;
Vyo——y

Figure 3.1 Block diagram of a negative type second generation current conveyor

(CCIL-).
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The input impedances of the ideal CCII- are infinite at terminal y and zero at
terminal x, respectively. The terminal z, that is equivalent to a current generator

possesses infinite output impedance.

The proposed voltage mode MISO filter is shown in Fig.3.2. This circuit is

analyzed using terminal equations given in Egs. (3.2.1) through (3.2.3) as follows:

The input voltages can be written as
V=V, =V,. (3.2.4)

Furthermore, the terminal currents can be written as

L=V, -VOY, =0 -Vo)Y (3.2.5)
Iy =V, Vo), +(, -V,) T, (3.2.6)
I=V,=V)Y,+(V,-V,)Y;. (3.2.7)
Y
Vio——1—«x
CCll- z
Voo 4y
Y
— Va
Y2 [] Y4
oV, V3

Figure 3.2 Circuit diagram of the proposed voltage-mode MISO multifunction filter.

Assuming that 7, =0, then Eq. (3.2.6) becomes

Vy=Vo) Y, +(V,=V,)Y, =0 (3.2.8)

Equation (3.2.8) can be simplified as follows:
— Vo, + ;) =V1,Y,
Y,

Vv, (3.2.9)
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The terminal currents in Eqgs. (3.2.5) and (3.2.7) can be equated using the relation given

by Eq. (3.2.3). Hence, we obtain

(V3 =VY, + (Vy V)Y, ==, = V). (3.2.10)

Equation (3.2.10) can be simplified as follows:

VolYy =) ==V, = VY, +V (Y, +Y,) (3.2.11)

Substituting Eq. (3.2.9) into Eq. (3.2.11), we obtain

Y +Y.)-VY.
%0949=—Kx—nn+[%(2+3)’32}n+n» (3.2.12)
3
Equation (3.2.12) can be simplified as
Y, +Y )Y, +Y
m{&—x—(2+3¥3+4ﬂ=—nx—nn—f%¥}n+n> (3:2.13)
3 3

The transfer function of the proposed filter can be obtained by rearranging the terms in

Eq. (3.2.13)

y A+, LY+ HY) +V(GY)

5 (3.2.14)
Y, +0,Y, + 1Y, + XY,
The admittance parameters are chosen as follows:
1
Y, =G, =— 3.2.15a
=0y ( )
Y, =sC, (3.2.15b)
Y, =G, = 1 (3.2.15¢)
g SR 2.

Y, =sC, (3.2.15d)
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Hence, the transfer function of the proposed filter can be written as:

y V(GG +V,(sC,Gy +5°C,C)+ Vi (sG:Cy)
0o~ .

5 (3.2.16)
s C,C, +s(C,G, +G,C,)+ GG,

Special Cases:

(i)  Low-pass (LP) filter realization:

In order to obtain a low-pass response from the MISO multifunction filter, the input

signal is applied through the terminals V, while the terminals ¥, andV; are grounded.

Hence, the transfer function given by Eq. (3.2.16) becomes as follows:

—_ 6,6, v (3.2.17)
s C,C, +s(C,G, +G,C,)+ GG,

Vo

The proposed circuit diagram which a gives low-pass filter response is shown in
Fig. 3.3.

G

Vio—/——x

Voo—ey

{ } : V4

C,==

Figure 3.3 Proposed circuit diagram of the filter showing low-pass filter configuration
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(i)  High-pass (HP) filter realization:

In order to obtain a high-pass response from the MISO multifunction filter, the input

signal is applied through the terminal ¥, and the inverse of the input signal is applied to
V, while the terminal ¥V, is grounded. Also passive components must be chosen as

C, =C,. Hence, the transfer function given by Eq. (3.2.16) becomes as follows:

s*C,C,
Vo= 2 Vy
s C,C, +s(C,G,+G,C))+G,G,

(3.2.18)

The proposed circuit diagram which gives a high-pass filter response is shown

in Fig. 3.4.

1 X
= CCll- z
Vo oY

{ } 9 V4

C,== C,=

OV, OV,

Figure 3.4 Proposed circuit diagram of the filter showing high-pass filter configuration.

(iii)  Band-pass (BP) filter realization:

In order to obtain a band-pass response from the MISO multifunction filter, the

input signal is applied through the terminal V;, while the terminals V, and V, are

grounded. Hence, the transfer function given by Eq. (3.2.16) becomes as follows:
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sG,C,
Vo =— 8
s C,C, +s(C,G, +G,C,)+ GG,

(3.2.19)

The proposed circuit diagram which gives band-pass filter response is shown in

Fig. 3.5.

1 X
— CCIll- z
Vo ooy

Cr,=—= C,=

= Vg 0V3

Figure 3.5 Proposed circuit diagram of the filter showing band-pass filter

configuration.

(iv)  Band-reject (BR) filter realization:

In order to obtain a band-reject response from the MISO multifunction filter, the

input signal is applied through the terminals ¥, and ¥V, while the terminal V; is

grounded. Hence, the transfer function given by Eq. (3.2.16) becomes as follows:

s°C,C, +5C,G, +G,G,

0= (3.2.20)
s C,C, +s(C,G, +G,C,)+ GG,

1

The proposed circuit diagram which gives band-reject filter response is shown

in Fig. 3.6.
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Cg —_ C4 —_

TV =V;

2

Figure 3.6 Proposed circuit diagram of the filter showing band-reject filter

configuration.

(v)  All-pass (AP) filter realization:

In order to obtain an all-pass response from the MISO multifunction filter, the input

signal is applied through the terminals ¥, ¥, and V; with the following constraint:

Vi=V,=

b

Vs
a

2

wherea = —1— . If we choose C, =C,, then a =-3. Hence, the transfer function

4

given by Eq. (3.2.16) becomes as follows:

. _5°C,” -25G,C, +G,G,
° §°C,’+25G,C,+G,G,

v (3.2.21)
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The proposed circuit diagram which gives band-reject filter response is shown in

Fig. 3.7.

G

V]O_D_

VOO—.—

C, ==

Figure 3.7 Proposed circuit diagram of the filter showing all-pass filter configuration.

From above analysis, it can be observed that all the standard filter functions

namely; high-pass (HP), low-pass (LP), band-pass (BP), band-reject (BR) and all-pass

(AP) can be obtained from the proposed filter. It is important to note that, in order to

obtain the same natural frequency and quality factor for all filter characteristics, the

same constraints for passive components must be chosen. The natural frequency and the

quality factor of the proposed circuit are obtained from the denominator of the transfer

function given in Eq. 3.2.16 as follows:

o _ |GG, _ 1
°"\c,C, \RR,C,C,

o- JGG,C,c,  JRCLC,

GG, +G,C, JR(C,+C,)

(3.2.22)

(3.2.23)
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3.2.2 Non-ideal Case

Taking the non-idealities into account, the terminal equations of the CCII-

shown in Fig. 3.1 can be written as

1,=0 (3.2.24)
V. =BV, (3.2.25)
I.=—al, (3.2.26)

where, f=1-¢, and a=1-¢,. g, (|5,/| <<1) and ¢ (|5i| <<1) denote the
voltage and current tracking errors, respectively (Smith et al., 1970).

Using Eq. (3.2.24) through (3.2.26), the terminal equations for the circuit shown in Fig.

3.2 become
V.=V, (3.2.27)
y
;x =V, =V, (3.2.28)
I, =0V =V)Y, =V, -pVy)Y, (3.2.29)
I, = V=V i+, =V Y, (3.2.30)
I=(0;-V)Y,+(V,-V)Y,. (3.2.31)

Assuming that 7, =0, then Eq. (3.2.30) becomes

WV, =V )Y, +(V,=V,)Y, =0. (3.2.32)

Eq. (3.2.32) can be simplified as follows:

— Vo, + ;) =V, Y,

V
! Y,

(3.2.33)

Applying the relation given by Eq. (3.2.26) to Egs. (3.2.29) and (3.2.31), we obtain

Vs =VIY, + (Vo =V = —a(V, - fV,)Y, (3.2.34)
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Equation (3.2.34) can be simplified as

VolY, —affY) = —al Y, VY, + V,(¥, +Y,) (3.235)

Substituting Eq. (3.2.33) into Eq. (3.2.35), we obtain

V(Y - afY,) = —aly, - VY, {VO(YZ *f)‘mj(n 7). (3.236)
3
Eq. (3.2.36) can be simplified as follows:
Vo(& —apy, - DI Y‘*)j ——aVy, -1, —(%ja@ ) (3:237)
3 3

The transfer function of the proposed filter taking the non-ideal effects into account
becomes;

y NN +V (LY, + BY) 4V (LY
° afYY, + LY, + V.Y, + Y)Y,

(3.2.38)

Substituting the admittance parameters given by Eqgs. (3.2.15a) through (3.2.15d), into
equation (3.2.38), we obtain

_aVi(GG)+V,(sC,G, +5°C,C) +V(sG,C,)

14
© s’C,C, +5(C,G, + G,C,) + afiG,G,

(3.2.39)

The non-ideal natural frequency and the quality factor of the proposed filter are

obtained from the denominator of the transfer function given in Eq. (3.2.39) as follows:

o = |GG _ |__ap (3.2.40)
GG, R R,C,C,

_ JaBGG.C,C, _ JaBR,C,C,
GC,+GC,  JR(C,+C,)

(3.2.41)
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3.3 SENSITIVITY ANALYSIS

The ideal sensitivities of the natural frequency and the quality factor with
respect to passive components are calculated using Egs. (3.2.22) and (3.2.23) as

follows:

|
Se =Se = (3.3.1)
1
Se=8c=8,=8w=7 (33.2)
1
Se =Si=5 (3.3.3)

1
Si =S§ == (3.3.4)

2
1 C
So =22 (3.3.5)
2 G +C,
1 C
S = (3.3.6)
2 G+C,

If the passive component values are chosen appropriately, then the magnitude of

the ideal sensitivities will be smaller or equal to 1/2.

Using Egs. (3.2.40) and (3.2.41), the non-ideal sensitivities can be calculated as

follows:

) 1
Se=S.=S. :S’;ZE (3.3.7)
S?Z=$”=S§“=Sz=—5 (3.3.8)

1
SﬁlefszzSﬁ:E (3.3.9)
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1
S.=S, == (3.3.10)
1 C
S = (3.3.11)
> 2 G +C,
1 C
S = (3.3.12)
+ 2 G H+C,

Again, if passive component values are chosen appropriately, then the
magnitude of the sensitivities due to non-ideal effects will also be smaller or equal

tol/2.

3.4 EXPERIMENTAL AND SIMULATION RESULTS

The validity of the proposed filter shown in Fig. 3.2 has been verified both
experimentally and through PSPICE simulations. For experimental verification the
AD844 IC manufactured by Analog Devices was used (Analog Devices, 1990). Since
AD844 can realize only CClII+s, the CCII- had to be constructed from two positive-type
second generation current conveyors (Svoboda et al., 1991). The circuit was supplied

with symmetrical voltages of V_ =12V and V_ =-12V, respectively and was

designed using the parameters shown in Table 3.1.

Table 3.1 Design parameters used for verifying the validity of the voltage mode MISO

filter using a single negative type current conveyor.

3dB cutoff frequency C, C, R, R,
(/o) (kHz) (F) | (F) | (kQ) | (kQ)
48.2 1 1 33 33

The simulations were carried out using the model parameters of AD844 from

the built in library of PSPICE simulation program.
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The simulation and experimental results for the second-order low-pass, high-
pass, band-pass, and band-reject filters are shown in Fig. 3.8 through Fig. 3.11,
respectively. Furthermore, Fig. 3.12 shows the filter responses for different
configurations on a single graph for comparison. Although, the experimental and
simulation results well fit into one another over a wide range of frequency, some
discrepancies can be observed in the results. These discrepancies are related with the

non-ideal characteristics of AD844 IC and the experimental equipment.

1 T LR L T T
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10 10 10t 10° 10 10
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Figure 3.8 Simulation and experimental results for the proposed low-pass (LP) filter.
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Figure 3.9 Simulation and experimental results for the proposed high-pass (HP) filter.
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Figure 3.10 Simulation and experimental results for the proposed band-pass (BP) filter.
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Figure 3.11 Simulation and experimental results for the proposed band-reject (BR)
filter.
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Figure 3.12 Comparison of simulation and experiment results for the proposed LP, HP,
BP and BR filters.



CHAPTER 4

A VOLTAGE MODE MULTIPLE INPUT SINGLE OUTPUT
(MISO) FILTER USING A SINGLE POSITIVE TYPE CURRENT
CONVEYOR

4.1 INTRODUCTION

In this Chapter, the experimental verification of a voltage-mode multiple-input
single-output multifunction filter using a single current conveyor proposed by Sagbas
(Sagbas, 2003) is presented. The current conveyor is realized by a commercially
available current feedback operational amplifier AD844 of Analog Devices. The
experimental results are also compared with PSPICE simulations. Effect of the non-
idealities and the sensitivity analysis of the proposed filter are also examined. The
circuit uses one positive-type second generation current conveyor (CCII+), three
resistors and two capacitors. The use of CCII+ simplifies the filter circuit configuration.
This filter which possesses three-inputs and one-output can generate all biquadratic
filtering functions of low-pass, high-pass, band-pass and band-reject at the output

terminal by selecting different input signal combinations.

Recently, many MISO universal biquadratic filters using current conveyors or
current conveyor based active elements have been reported in the literature. Some of
these filters employ two CCII+s and one voltage follower (Chang and Tu., 1999),
(Ozoguz and Gunes., 1996). Some other filters employ one CCII+, one negative type
second generation current conveyor (CCII-), and two capacitors and three resistors

(Horng et al., 1996), (Liu and Lee., 1997).

The multifunction filter proposed by Sagbas (Sagbas, 2003) has the following

advantages:

36
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(i)  The use of current conveyor eliminates the disadvantage possessed by voltage-

mode circuits using operational amplifiers. (Wilson et al., 1990), (Wandsworth
et al., 1989).

(1))  Realization of all the basic filter functions: low-pass, high-pass, band-pass,
band-reject, and all-pass.

(iii)  Low passive and active sensitivities.

(iv)  Undamped natural frequency is independent from the active parameters.

(v)  Use of positive-type second generation current conveyor which is more suitable
in IC manufacturing technology than negative-type second generation current
conveyor.

(vi)  Ability to adjust the natural frequency and the quality factor.

This chapter is divided into several sections. Section 4.2 presents circuit
description and the analysis of the filter proposed by Sagbas (Sagbas, 2003) for both
ideal and non-ideal cases. In section 4.3, the sensitivity analysis of the filter proposed
by Sagbas (Sagbas, 2003) is presented. In section 4.4, the experimental and simulation

results are presented.

4.2 CIRCUIT DESCRIPTION AND ANALYSIS OF THE MULTIFUNCTION
FILTER

4.2.1 Ideal Case

The block diagram of a positive-type second generation current conveyor
(CCII+) is shown in Fig. 4.1. The terminal equations for the ideal case can be written as

(Smith et al., 1970),

1,=0 4.2.1)
V.=V, (4.2.2)
I =1I.. (4.2.3)
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I
VXC)—P—X X I

| ccli+z|~<oV;
Vyo—;’r— y

Figure 4.1 Block diagram of a positive type second generation current conveyor

(CCII+).

The input impedances of the ideal CCII+ are infinite at terminal y and zero at
terminal x, respectively. The terminal z is equivalent to a current generator possesses

infinite output impedance.

The multifunction filter proposed by Sagbas (Sagbas, 2003) is shown in Fig. 4.2.
The circuit employs only one CCII+ and five passive elements (two capacitors and
three resistances). In order to analyze the proposed circuit shown in Fig. 4.2, we apply

the relations given by Egs. (4.2.1), through (4.2.3).

The current equations of the passive components can be written as

I, =—= 4.2.4
L (4.2.4)
v, -V,
J. =1 o 4.2.5
n TR, (4.2.5)
vV, -V,
I, =—2—2° 4.2.6
5 TR (4.2.6)
I, =sC,(Vy-V.) (4.2.7)

I, =sC,(V,~V.). (4.2.8)
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T
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R
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Figure 4.2 Circuit diagram of the voltage-mode multi-input single-output multifunction

filter proposed by Sagbas (Sagbas, 2003).

Assuming that /. =1, , then Eq. (4.2.5) and Eq. (4.2.7) become

VI_VO

=sC,(V, -V.). (4.2.9)

2

Eq. (4.2.9) can be simplified as

_VI_VO

V.=V, .
°  SCR,

z

(4.2.10)

By writing a KCL equation at the output node of the circuit shown in Fig. 4.2, we
obtain

I=1c+1 +1. (4.2.11)

Assuming that /, =1 , then Eq. (4.2.11) becomes

I =1c +1. +1, . (4.2.12)
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Substituting Egs. (4.2.4), (4.2.6), (4.2.7) and (4.2.8) into Eq. (4.2.12) gives

-y
= sC(V, — V) +5C,(V, —V.). (4.2.13)
R3 Rl

Eq. (4.2.13) can be simplified as follows:

Vz B VO

=sCV,+sC,V,+V. (—RL—SC1 -sC,). (4.2.14)

3 1

Substituting Eq. (4.2.10) into Eq. (4.2.14) gives

VZ_VO B
=sCV,+sCV,+(V, ———)(——-sC, —s5C,). 4.2.15
R3 1o 2V3 ( o SCle )( R1 1 2) ( )

Rearranging the terms in Eq. (4.2.15) gives the transfer function of the filter
proposed by Sagbas (Sagbas, 2003) as:

Sz(RIR2R3C]C2)V3 +S(R]R3C1Vl +R1R3C2I/l _R1R2C1V2)+R3Vv]

(4.2.16)
s’R,R,R,C,C, +s(R,R,C, +R,R,C, —R,R,C, + R,R,C,)+R,

V,(s)=

Special Cases:

(1)  Low-pass (LP) filter realization:

In order to obtain a low-pass response from the multifunction filter proposed by

Sagbas (Sagbas, 2003), the input signal is applied through the terminals V, and V,
while the terminal ¥ is grounded and passive components are chosen as C, =C, and
R, = 2R, . Hence, the transfer function given by Eq. (4.2.16) becomes as:

V,(s) = % v, (4.2.17)
’ s’RR,R,C,C, +s(R,R,C,)+ R,

The circuit diagram which gives a low-pass filter response is shown in Fig. 4.3.
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Vy ¥ )
C
e
| |
Ry

Vo

Figure 4.3 Circuit diagram of the filter showing low-pass filter configuration.
(1))  High-pass (HP) filter realization:

In order to obtain a high-pass response from the multifunction filter proposed by

Sagbas (Sagbas, 2003), the input signal is applied through the terminal V; while the
terminals V, and V, are grounded. Hence, the transfer function given by Eq. (4.2.16)
becomes as:

2
s"(RR,R,C,C)) V.. (4.2.18)
s’R,R,R,C,C, +5(R R,C, + R,R,C, — R R,C, + R,R,C,)+ R, ~

V,(s)=

The circuit diagram which gives a high-pass filter response is shown in Fig. 4.4.

R; c
| | X 2
J_ | I |
TR CCI+ Z |—°V3
2
Y
- c
T
|
Y R
1]

Figure 4.4 Circuit diagram of the filter showing high-pass filter configuration.
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(iii))  Band-pass (BP) filter realization:

In order to obtain a band-pass response from the multifunction filter proposed by

Sagbas (Sagbas, 2003), the input signal is applied through the terminal 7, while the
terminals ¥, and ¥, are grounded. Hence, the transfer function given by Eq. (4.2.16)

becomes as:

V. (s)=— ~RiR,G v,. (4.2.19)
s’R.R,R,C,C, +s(R,R,C, + RR,C, — RR,C, + R,R,C,) + R,

The circuit diagram which gives a band-pass filter response is shown in Fig. 4.5.

Vo1 1— x

Cs
cem 2z
RE I -

Yy

oF

|
|
Vo

Figure 4.5 Circuit diagram of the filter showing band-pass filter configuration.

(iv)  Band-reject (BR) filter realization:

In order to obtain a band-reject response from the multifunction filter proposed by

Sagbas (Sagbas, 2003), the input signal is applied through the terminals V,, V, and V,
and the passive components are chosen asC, = C, and R, = 2R,. Hence, the transfer
function given by Eq. (4.2.16) becomes as:

2
_ s"(RR,R,C\C,) + R, v, (4.2.20)
s’RR,R,C,C, +s(R,R,C, + RR,C, —R,R,C, + R,R,C,) + R,

V,(s)

The circuit diagram which gives a band-reject filter response is shown in Fig. 4.6.
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Figure 4.6 Circuit diagram of the filter showing band-reject filter configuration.

(v)  All-pass (AP) filter realization:

In order to obtain an all-pass response from the multifunction filter proposed by

Sagbas (Sagbas, 2003), the input signal is applied through the terminals V,, V, and V;.
Choosing ¥, =V, =V, /2 and the passive components as R, =R, =R, /2,and C, =C,
gives the all-pass filter response. Hence, the transfer function given by Eq. (4.2.16)

becomes as:

Sz(R1R2R3C1C2)_S(2R1R3C1)+R3 V] . (4221)
S2 (R1R2R3C1C2) + S(2R1R3C1) + R3

V,(s)=

The circuit diagram which gives an all-pass filter response is shown in Fig. 4.7.

Vz Rj c
? o— 1— % 2
R, | CCmr Z |—= V3
Vs Yy
C
T
|
R
\, 1

Figure 4.7 Circuit diagram of the filter showing all-pass filter configuration.
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From the above analysis, it can be observed that all the standard filter functions
namely; high-pass, band-pass, low-pass, band-reject and all-pass can be obtained from
the filter proposed by Sagbas (Sagbas, 2003). Furthermore, in order to obtain the same
natural frequency and quality factor for all filter characteristics, the same constraints for

passive component must be chosen.

The natural frequency and the quality factor of the circuit proposed by Sagbas
(Sagbas, 2003) are obtained from the denominator of the transfer function given by Eq.
(4.2.16) as:

PR S (4.2.22)

* JRR,C.C,

Ry RR,C\C,

0= .
R R, (C, +C))+(R; —R)R,C,

(4.2.23)

4.2.2 Non-ideal Case

Taking the non-idealities into account, the terminal equations of the CCII+

shown in Fig. 4.1 can be written as

1,=0 (4.2.24)
V.=pV, (4.2.25)
I =—al, (4.2.26)

where, f=1-¢, and a=1-¢,. ¢, (|5V| <<1) and ¢, (|ei| <<1) denote the voltage
and current tracking errors, respectively (Smith et al., 1970).

The currents through each passive element shown in Fig. 4.2 can be written as



-V
I, =—=
1 R1
V.-V
IR — 1 X
2 122
[R — VZ B VO
3 R3

[c1 =sC,(V, =V))

I, =sC,(V,=V.).

From Fig. 4.2, it can be seen that /. =1,

(4.2.30) gives

V-V,

=sC\(V, =V.).

2

Eq. (4.2.32) can be simplified as

4

X

sC\R,

V.=V,

z
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(4.2.27)

(4.2.28)

(4.2.29)

(4.2.30)

(4.2.31)

. Therefore, substituting Eq. (4.2.28) into Eq.

(4.2.32)

(4.2.33)

Substituting V. = gV, = BV, into Eq. (4.2.33) gives

sC\R,

(4.2.34)

By writing a KCL equation at the output node of the circuit shown in Fig. 4.2, we

obtain

1. :ICl +[CZ +1Rl

(4.2.35)
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From Fig. 4.2, it is obvious that /, = I, . Therefore Eq. (4.2.35) becomes

Ip =1 +I, +1,; . (4.2.36)

Substituting Egs. (4.2.27), (4.2.29), (4.2.30) and (4.2.31) into Eq. (4.2.36) gives

-V
=24 5C,(V, —V.)+5C,(V; —V.). (4.2.37)
R3 Rl

Simplifying Eq. (4.2.37) gives

Vz B Vo

1
=sCV,+sCV,+V, (—R——SC1 -sC,). (4.2.38)

3 1

Substituting Eq. (4.2.34) into Eq. (4.2.38) gives

v,-V, V.- BV,
20 _sCV, +sCV, +(V, —l—ﬁo)(—%—sq ~5C,) .. (4.2.39)

R, sC\R, 1

After rearranging the terms in Eq. (4.2.39), the denominator polynomial of the
transfer functions for the multifunction filter proposed by Sagbas (Sagbas, 2003)
becomes

D(s) = s*R,R,R,C,C, + s[R,R,(C, + C,)+ R,C,(Ry —afiR))|+ R,  (4.2.40)

Using Eq. (4.2.40), the natural frequency and the quality factor for the non-ideal case

can be calculated as

o -1 (4.2.41)

* JRR,C,C,

R, \JRR,C,C, (42.42)

Q= :
R R, (C, +C,)+(R; —affR))R,C,

From Eq. (4.2.41), it can be observed that the undamped natural frequency is

independent from the active parameters « and f.
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4.3 SENSITIVITY ANALYSIS

The ideal sensitivities of the natural frequency and the quality factor with

respect to passive components are calculated using Egs. (4.2.22) and (4.2.23) as

follows;
o oo
S;l =S;2=Sq :$2:‘§ (4.3.1)
Sﬁj =0 (4.3.2)
Si _ l_Rl Ry(C, +C,)-R,C, (4.3.3)
b2 P
Si 1 R, G -R) (4.3.4)
> 2 P
S}f :l—R3 R (C +C,)+R,C, (4.3.5)
* 2 P
Sg =1_C1 R1R3 +R2(R1 _R3) (436)
b2 D
0 1 R1R3
=—-C 4.3.7
;Si(;2 2 2 pl ( )
where,
P =R R(C, +C,)+ (R, —R)R,C, . (4.3.8)

If the passive component values are chosen appropriately, then the magnitude of the
ideal sensitivities will be smaller than 1/2. Otherwise, the sensitivities can be become

infinity as in oscillator applications.



Using Eqs. (4.2.41) and (4.2.42), the non-ideal sensitivities can be found as

where,

Sk =8,=Sc=Sc=
RPDR DG PG

!
2

§=0

Si :l_Rl R;(C, +Cy) —afR,C,
b2 P
Si :l_Rz Ci(R, —afR,)
» 2 P
Si :l_Rs R (C, +C,)+R,C,
* 2 P>
Sg :l_cl R\R; + R, (R, —afiR;)
b2 Ps
R R
S? :l—CQL
: 2 P

P> =R R,(C +C,)+(Ry, —afR))R,C,.

48

(4.3.9)

(4.3.10)

(4.3.11)

(4.3.12)

(4.3.13)

(4.3.14)

(4.3.15)

(4.3.16)

Again, if passive component values are chosen appropriately, then the magnitude of the

sensitivities due to non-ideal effects will also be small than 1/2. Otherwise, the

sensitivities can be become infinity as in oscillator applications.
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4.4 EXPERIMENTAL AND SIMULATION RESULTS

The validity of the filter proposed by Sagbas (Sagbas, 2003) shown in Fig. 4.2
has been verified both experimentally and through PSPICE simulations. For
experimental verification, the AD844 IC manufactured by Analog Devices was used
(Analog Devices, 1990). The circuit was supplied with symmetrical voltages of

V. =12V and V, =-12V, respectively and was designed using the parameters

shown in Table 4.1.

Table 4.1 Design parameters used for verifying the validity of the voltage mode MISO

filter using a single positive type current conveyor.

3dB cutoff frequency C, C, R, R, R,
(/o) (kHz) (mF) | (F) | (kQ) | (kQ) | (kQ)
112.5 1 1 1 2 1

The simulations were carried out using the model parameters of AD844 from

the built in library of PSPICE simulation program.

The simulation and experimental results for the second-order low-pass, high-
pass, and band-pass filters are shown in Fig. 4.8 through Fig. 4.10, respectively.
Furthermore, Fig. 4.11 shows the filter responses for different configurations on a
single graph for comparison. Although, the experimental and simulation results well fit
into one another over a wide range of frequency, some discrepancies can be observed in
the results. These discrepancies are related with the non-ideal characteristics of AD844

IC and the experimental equipment.
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Figure 4.8 Simulation and experimental results for the low-pass (LP) filter proposed by
Sagbas (Sagbas, 2003).
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Figure 4.9 Simulation and experimental results for the high-pass (HP) filter proposed
by Sagbas (Sagbas, 2003).
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Figure 4.10 Simulation and experimental results for the band-pass (BP) filter proposed
by Sagbas (Sagbas, 2003).
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Figure 4.11 Comparison of simulation and experimental results for the LP, HP, and BP

filters proposed by Sagbas (Sagbas, 2003).



CHAPTER S

A VOLTAGE MODE MULTIPLE INPUT SINGLE OUTPUT
(MISO) FILTER USING TWO CURRENT CONVEYORS

5.1 INTRODUCTION

In this chapter, the experimental verification of a voltage-mode multiple-input
single-output multifunction filter using two current conveyors proposed by Sagbas et al.
(Sagbas et al., 2005) is presented. The current conveyors are realized by a commercially
available current feedback operational amplifier AD844 of Analog Devices. The
experimental results are also compared with PSPICE simulations. Effect of the non-
idealities and the sensitivity analysis of the proposed filter are also examined. The
circuit uses one positive-type second generation current conveyor (CCII+), one
negative-type second generation current conveyor (CCII-), three resistors, and two
capacitors. This filter which possesses three-inputs and one-output can generate all
biquadratic filtering functions of low-pass, high-pass, band-pass and band-reject at the

output terminal by selecting different input signal combinations.

The multifunction filter proposed by Sagbas et al. (Sagbas et al., 2005) has the

following advantages:

(i)  Voltage-mode circuits using conventional operational amplifier have the
disadvantage of severely reduced bandwidth at higher gains, because of the op-
amp’s fixed gain-bandwidth product. These disadvantages can be eliminated by
using current conveyors and current conveyor based active elements (Wilson et
al., 1990), (Wandsworth et al., 1990).

(1))  Realization of all the basic filter functions: low-pass, high-pass, band-pass and

band-reject.
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(iii))  Low passive and active sensitivities.

(iv)  Ability to adjust the natural frequency and the quality factor.

This chapter is divided into several sections. Section 5.2 presents circuit
description and the analysis of the multifunction filter proposed by Sagbas et al.
(Sagbas et al., 2005) for both ideal and non-ideal cases. In section 5.3, the sensitivity
analysis of the filter proposed by Sagbas et al. (Sagbas et al., 2005) is presented. In

section 5.4, the experimental and simulation results are presented.

5.2 CIRCUIT DESCRIPTION AND ANALYSIS OF THE MULTIFUNCTION
FILTER

5.2.1 Ideal Case

The block diagram of a second generation current conveyor (CCII) is shown in
Fig. 5.1. The terminal equations for the ideal case can be written as (Smith et al., 1970).
The multifunction filter proposed by Sagbas et al. is shown in Fig. 5.2 (Sagbas et al.,
2005). The circuit employs one CCII+, one CCII-, and five passive elements (two

capacitors and three resistances).

1,=0 (5.2.1)
V.=V, (5.2.2)
I =+I_. (5.2.3)
Iy
I, v
[, | Coll z|~oV:
Vyo——y

Figure 5.1 Block diagram of a second generation current conveyor (CCII).
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The input impedances of the ideal CCII £ are infinite at terminal y and zero at
terminal x, respectively. The terminal z, which is equivalent to a current generator,

possesses infinite output impedance.

The multifunction filter proposed by Sagbas et al. is shown in Fig. 5.2 (Sagbas
et al., 2005). The circuit employs one CCII+, one CCII-, and five passive elements (two
capacitors and three resistances). In order to analyze the proposed circuit shown in Fig.
5.2, we apply the relations given by Egs. (5.2.1), through (5.2.3). Hence we obtain the

following equations;

I,=1,=0 (5.2.4)
1, =-1, (5.2.5)
I,=1I, (5.2.6)
V=V,=V, (5.2.7)
Vo=V, (5.2.8)

I, = " ;IV” (5.2.9)
Iy, = £ I;V«“ (5.2.10)
Iy = —% (5.2.11)
I, =sC(V=V,) (5.2.12)
I, =sC,(V,,). (5.2.13)
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Rj
R2 -ET ) oV,

Vyo— 11— x (CClh), 2
CCI-), 2 Yy
Voo—q—31 ¥ :_L:
c
Vy ot

Figure 5.2 Circuit diagram of the voltage-mode multi-input single-output multifunction

filter using two current conveyors proposed by Sagbas et al. (Sagbas et al., 2005).

The input currents in Fig. 5.2 are related with each other by the following equations:

I, =1,=1 (5.2.14)

=1, =1 . (5.2.15)

I, = 5.2.16
R R, ( )
V,-V,
I, =—=—2° 5.2.17
© =R (5217)
V
I, =1, =——2 5.2.18
Ry x2 R3 ( )
I =sC(V,~V,). (5.2.19)

By writing a KCL equation at the input node of the circuit shown in Fig. 5.2, we obtain

I +1p =1,+1,. (5.2.20)

Substituting Egs. (5.2.4), (5.2.16), and (5.2.19) into Eq. (5.2.20) results

V. v,-V,
S =S V) ¢

3 1

(5.2.21)
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Eq. (5.2.21) can be simplified as

v,-V,
V,=-sC,R,(V,-V,)—R,—*——<. (5.2.22)
1
Substituting Egs. (5.2.13) and (5.2.17) into Eq. (5.2.15) gives
V,-V
v,=—-—-"2. (5.2.23)
’ sC,R,
From Eq. (5.2.8) V,, =V ,. Hence Egs. (5.2.22) and (5.2.23) can be written as
V3 — Vo Vz — Vo
=—sC,R,(V, -V,)-R : 5.2.24
or = GROT) R (5:2:24)

After rearranging the terms in the above equation, the transfer function of this circuit is

found as

v s’RR,R,C,C,V, +sR,R,C,V, + RV, ‘

g . (5.2.25)
s’RR,R,C,C, +sR,R,C, + R,

Special Cases:

(i)  Low-pass (LP) filter realization:

In order to obtain a low-pass response from the multifunction filter proposed by
Sagbas et al. (Sagbas et al., 2005), the input signal is applied through the terminal
while the terminals V', and V, are grounded. Hence, the transfer function given by Eq.
(5.2.25) becomes as follows:

Rl

v, =— V. (5.2.26)
s’RR,R,C,C, + sR,R,C, + R,

The circuit diagram which gives a low-pass filter response is shown in Fig. 5.3.
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R3
R, IF:}x
Vo1 x = (CCO+), Z = Vo
CCI-), Z Y
—Y T

J__C1

Figure 5.3 Circuit diagram of the filter showing low-pass filter configuration.
(i)  High-pass (HP) filter realization:

In order to obtain a high-pass response from the multifunction filter proposed by

Sagbas et al. (Sagbas et al., 2005), the input signal is applied through the terminal ¥,
while the terminals 7, and V; are grounded. Hence, the transfer function given by Eq.
(5.2.25) becomes as follows:

s’RR,R,C,C,

V,=— V.. (5.2.27)
s’RR,R,C,C, + sR,R,C, + R,

The circuit diagram which gives a high-pass filter response is shown in Fig. 5.4.

R3
R2 _|: ) oV,

— . (CCT+), Z
J__ R, (CCO-), Z 5 Y
= —{ 1 ¥ :_L:
C
Vy oo

Figure 5.4 Circuit diagram of the filter showing high-pass filter configuration.
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(iii))  Band-pass (BP) filter realization:

In order to obtain a band-pass response from the multifunction filter proposed by

Sagbas et al. (Sagbas et al., 2005), the input signal is applied through the terminal V,
while the terminals 7, and ¥, are grounded. Hence, the transfer function given by Eq.
(5.2.25) becomes as follows:

v SR,R,C,
° §’RR,R,C,C, +sR,R,C, +R,

v,. (5.2.28)

The circuit diagram which gives a band-pass filter response is shown in Fig. 5.5.

R3
R, __[:I- X y
— N = (CCI+H), Z o\

= CCT-), Z Y
Ry ( 3 c,

Voo —3 ¥ ?

Figure 5.5 Circuit diagram of the filter showing band-pass filter configuration.

(iv)  Band-reject (BR) filter realization:

In order to obtain a band-reject response from the multifunction filter proposed by

Sagbas et al. (Sagbas et al., 2005), the input signal is applied through the terminals V;
and V, while the terminal V, is grounded. Hence, the transfer function given by Eq.

(5.2.25) becomes as follows:

vo- s’RR,R,C,C, +R,
° §’RR,R,C,C, +sR,R,C, +R,

V. (5.2.29)
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The circuit diagram which gives a band-reject filter response is shown in Fig. 5.6.

R3
R -[IT ) oV,

\ — X (CCI+), 2
R, (CCO-), Z z y
T 1 ¥ ?E
Cq i

Figure 5.6 Circuit diagram of the filter showing band-reject filter configuration.
(v)  All-pass (AP) filter realization:

In order to obtain an all-pass response from the multifunction filter proposed by

Sagbas et al. (Sagbas et al., 2005), the input signal is applied through the terminals 7,
V, and V;. Choosing V, =—-V, =V, gives the all-pass filter response. Hence, the

transfer function given by Eq. (5.2.25) becomes as follows:

_ s’RR,R,C,C, —sR,R,C, + R,
* $’RR,R,C,C,+sR,R,C, +R,

V. (5.2.30)

The circuit diagram which gives an all-pass filter response is shown in Fig. 5.7.

R3
R2 _|: ) oV,

Vie—— 31— x (S
R, (CCO-), Z < ¥
e T
C
Vy o

Figure 5.7 Circuit diagram of the filter showing all-pass filter configuration.
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From the above analysis, it can be observed that all the standard filter functions,
namely; high-pass, band-pass, low-pass, band-reject and all-pass can be obtained from
the filter proposed by Sagbas et al. (Sagbas et al., 2005). It is also seen that the filter
configurations do not require any inverting-type voltage input signals for realizing any
second-order filter characteristics. Furthermore, in order to obtain the same natural
frequency and quality factor for all filter characteristics, the same constraints for

passive component must be chosen.

The natural frequency and the quality factor of the multifunction filter proposed
by Sagbas et al. (Sagbas et al., 2005) are obtained from the denominator of the transfer
function given by Eq. (5.2.25) as follows:

PN (5.2.31)

° JR,R,.C,.C,

R,. (5.2.32)

5.2.2 Non-ideal Case

Taking the non-idealities of the CCII into account, the terminal equations of the

CCII shown in Fig. 5.1 can be written as

1,=0 (5.2.33)
V.=BV, (5.2.34)
1. =Fal,. (5.2.35)

where, f=1-¢, and a=1-¢,. ¢, (|5,/| <<1) and ¢, (|5,~| <<1) denote the
voltage and current tracking errors, respectively (Smith et al., 1970).

The currents through each passive element shown in Fig. 5.2 can be written as

=1,=0 (5.2.36)

I, =-al (5.2.37)

x1



61

I,=a,l, (5.2.38)
Va=BV, (5.2.39)
Vo =BV (5.2.40)

The current equation of the passive components of the circuit shown in Fig. 5.2,

can be written as

V,-V,
I, =——2 (5.2.41)
1 Iz1
V,-V
A B 5.2.42
&, z, ( )
14
[, =——2 5.2.43
Ry R3 ( )
I =sC,(V,-V,) (5.2.44)
Io, =sC,(V,,). (5.2.45)

Furthermore, the input currents are related with each other by the following

equations
I,=a,],=a,l, (5.2.46)
Iy=-al,=-oly =—I . (5.2.47)

After rearranging the terms in the above equations, we obtain

I, = (5.2.48)
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I, V=BV (5.2.49)
2 RZ
ﬂZVVZ
I, =—— 5.2.50
% R, ( )
I =sC(V,=V,). (5.2.51)

By writing a KCL equation at the input node of the circuit shown in Fig. 5.2, we obtain

Io +1, =1,+1,. (5.2.52)
Substituting Eq. (5.2.36), (5.2.46) and (5.2.48) in Eq. (5.2.51) gives

v v, -V,
—ay = 5C = Vo) + =2 (5.2.53)

3 1

Vz_Vo ]

Ve :_L[ SCR,(V, = Vo) + Ry (5.2.54)
a, 1
Assuming that 7, = -,/ ,, then we obtain
V=BV,
V,=¢q VimbhVo . (5.2.55)
sC,R,
Furthermore, assuming that V,, = B,V , , then we obtain
V=BV, v, =V,
P OZ LR IR GVCY AT W S | (5.2.56)
sC,R, a, R,

After rearranging the terms in the above equation, the transfer function can be written

as follows:

D(s)=s"R,R,R,C,C, +sR,R,.C, +a,a,f,B,R,. (5.2.57)
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Using Eq. (5.2.57), the natural frequency and the quality factor can be written as
o, = /M (5.2.58)
RZ R3 Cl C2
C2R2R3

It should be noted that, the subscripts of # and « in the above equations refer

to the number of each current conveyor that is shown in Fig. 5.2. Also, the undamped

natural frequency is independent from the active parameters, & and £.

5.3 SENSITIVITY ANALYSIS

The ideal sensitivities of the natural frequency and the quality factor with

respect to passive components are calculated using Egs. (5.2.31) and (5.2.32) as

follows:
S = (5.3.1)
Se.= ,1:—% (5.3.2)
S = SZ = —% (5.3.3)
Si, =1 (5.3.4)
Si: —% (5.3.5)
Siz—% (5.3.6)
Sizé (5.3.7)
Si%- (5.3.8)

From the above calculations, it can be seen that the magnitude of all sensitivities

are smaller than or equal to 1.
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The non-ideal sensitivities of the natural frequency and the quality factor with

respect to passive components are calculated using Egs. (5.2.58) and (5.2.59) as

follows:

Sj;:o (5.3.9)
(0 @ 1

Se=Se="7 (5.3.10)
@ w 1

Sco=Se.="3 (5.3.11)
@ B @ _1

Sal —Saz—g (5.3.12)
0 o 1

S :Sﬁz:E (5.3.13)
o_

Sr=1 (5.3.14)
o

SR2=—5 (5.3.15)
o 1

SR3"E (5.3.16)
o 1

Sa=> (5.3.17)
0 1

Se == (5.3.18)
0 0 1

Sal R, =§ (5.3.19)
0 o 1

S, =Sﬁ2=5. (5.3.20)

Again, if passive component values are chosen appropriately, then the
magnitude of the sensitivities due to non-ideal effects will also be small than or equal to

1.
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5.4 EXPERIMENTAL AND SIMULATION RESULTS

The validity of the filter proposed by Sagbas et al. (Sagbas et al., 2005) shown
in Fig. 5.2 has been verified both experimentally and through PSPICE simulations. For
experimental verification, the AD844 IC manufactured by Analog Devices was used
(Analog Devices, 1990). Since AD844 can realize only positive-type second generation
current conveyors (CCII+s) the CCII- had to be constructed from two positive-type
second generation current conveyors (Svoboda et al., 1991). The circuit was supplied

with symmetrical voltages of V,_ =12V and V,_=-12V, respectively and was

designed using the parameters shown in Table 5.1.

Table 5.1 Design parameters used for verifying the validity of the voltage mode

MISO output filter using two current conveyors.

3dB cutoff frequency C, C, R, R, R,
(/o) (kHz) (mF) | (F) | (kQ) | (kQ) | (kQ)
112.5. 1 1 1 2 1

The simulations were carried out using the model parameters of AD844 from

the built in library of PSPICE simulation program.

The simulation and experimental results for the second-order low-pass, high-
pass, and band-pass filters are shown in Fig. 5.8 through Fig. 5.10, respectively.
Furthermore, Fig. 5.11 shows the filter responses for different configurations on a
single graph for comparison. Although, the experimental and simulation results well fit
into one another over a wide range of frequency, some discrepancies can be observed in
the results. These discrepancies are related with the non-ideal characteristics of AD844

IC and the experimental equipment.
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Figure 5.8 Simulation and experimental results for the low-pass (LP) filter proposed by
Sagbas et al. (Sagbas et al., 2005).
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Figure 5.9 Simulation and experimental results for the high-pass (HP) filter proposed
by Sagbas et al. (Sagbas et al., 2005).
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Figure 5.10 Simulation and experimental results for the band-pass (BP) filter proposed

by Sagbas et al. (Sagbas et al., 2005).
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Figure 5.11 Comparison of simulation and experimental results for the LP, HP, and BP

filters proposed by Sagbas et al. (Sagbas et al., 2005).



CHAPTER 6

A NEW CURRENT MODE MULTIFUNCTION FILTER USING
TWO DUAL-OUTPUT CURRENT CONTROLLED CONVEYORS

6.1 INTRODUCTION

In this Chapter, a new current-mode multifunction filter that realizes three basic
filter functions at its high impedance outputs with minimum number of passive
elements is proposed. The proposed filter consists of only two passive elements (two
capacitors) and two dual-output second generation current controlled conveyors (DO-
CCClIlIs). It has a single-input and three high impedance outputs. Each output provides a
different filter response, namely low-pass (LP), high-pass (HP), and band-pass (BP).
The sensitivity analysis is performed for ideal and non-ideal filter configurations. The

validity of the proposed filter is verified through PSPICE simulations.

The new circuit offers the following attractive features:
(1)  Three different filter responses (LP, HP, and BP) at each output.
(1)  All capacitors are grounded which makes the filter more suitable for IC
integration.
(iii)  High impedance at the output except the HP case, which enables the filter for
easy cascadability without the need of any supplementary buffer circuits.
(iv)  Very low active and passive filter sensitivities.

(v)  Use of minimum number of elements (two capacitors, two DO-CCClIIs).
Section 6.2 presents the proposed multifunction filter function for both ideal and

non-ideal cases. In Section 6.3, the sensitivity analysis of the proposed filters is

presented. In Section 6.4, PSPICE simulation results are presented.
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6.2 CIRCUIT DESCRIPTION AND ANALYSIS OF THE PROPOSED FILTER

6.2.1 Ideal Case

The block diagram of a dual-output second generation current controlled
conveyor (DO-CCCII) is shown in Fig. 6.1. The terminal equations for the ideal case
can be written as (Soliman, 1997), (Fabre et al., 1995).

V.=V, +1R, (6.2.1)
1,=0 (6.2.2)
L, =1 (6.2.3)
I =-I, (6.2.4)

I I
V, 02 x 2+ <0V,

! DO-CCCII I
Vyo—vy— y z-—<ZoV,.

Figure 6.1 Block diagram of a dual-output second generation current controlled

conveyor (DO-CCCII).

The input impedances of the ideal DO-CCCII are infinite at terminal y and R_ at
terminal x, respectively. The terminal z that is equivalent to a current generator
possesses infinite output impedance. Electronic adjustability of the DO-CCCII is
attributed to the dependence of the parasitic resistance on the bias current of the current

conveyor at terminal x. The parasitic x-input resistance, R_ for [ (t)<<2I,can be

obtained as follows: R = k;}j = 2VTT where, k is the Boltzmann’s constant, 7 is the
o o

temperature, ¢ is the magnitude of the electronic charge and V. is the thermal voltage.
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Hence, R_can be controlled by varying the bias current /. In addition to this, the

quality factor, O and natural frequency, @, depend on R_ which makes these

parameters adjustable electronically.

The proposed current mode DO-CCCII multifunction filter is shown in Fig.6.2.

This circuit is analyzed using the terminal equations given by Egs. (6.2.1) through

(6.2.4) as follows:
Ly=1,,=-1, =14
Ly=1, =-1, =1,
Va=V,=0
Va=Vy +1,Ry =15R,
VyZ =I,R,=—1,R,

(6.2.5)

(6.2.6)

(6.2.7)

(6.2.8)

(6.2.9)

_lIo1

o— X

Y

(DO-CCCll),

_lIoz

X Z+
(DO-CCCl),
Yy z-

— I p

Figure 6.2 Circuit diagram of the proposed current-mode DO-CCCII multifunction

filter.
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By writing a KCL equation at the input node of the proposed circuit shown in Fig. 6.2,

we obtain

Ly =1yp +1gp +1)p

(6.2.10)

By writing node voltage equations for the proposed circuit shown in Fig. 6.2, we obtain

Vxl :Ii
sC,
1
V - _ BP
s,

When Eq. (6.2.8) and Eq. (6.2.11) are equated, we obtain

I
IBPRxl = Sg
1

Equation (6.2.13) can be simplified as follows:

_ ]HP

I, =
o sC\R

x1

Equating Eq. (6.2.9) to Eq. (6.2.12) yields

IBP
sC,

ILPRxZ =

Equation (6.2.15) can be simplified as follows:

Lyp =SC R p

(6.2.11)

(6.2.12)

(6.2.13)

(6.2.14)

(6.2.15)

(6.2.16)

After substituting Eq. (6.2.14) and Eq. (6.2.16) into Eq. (6.2.10), the transfer function of

the circuit at different outputs is found as follows:
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Ip _ 1

I, $°RyR,C\C,+5R,C,+1 (62.17)
1 s’R_.R._CC

Ty CorsR (6.2.18)
I, s°R,R,CC,+sR,C,+1

1 sR .C

- o (6.2.19)

I, s°R,R,C,C,+sR,C,+1

Equations (6.2.17), (6.2.18), and (6.2.19) show that the proposed filter produces
LP, HP, and BP responses simultaneously at its high impedance outputs. The natural
frequency and the quality factor of the proposed circuit are calculated from the

denominator of the transfer functions as follows:

PR S (6.2.20)

’ V RX]RXZC] C2

0= [RuC (6.2.21)

6.2.2 Non-ideal Case

Taking the non-idealities into account, the terminal equations of the DO-CCCII-

shown in Fig. 6.1 can be written as

V.=pV,+1.R, (6.2.22)
1,=0 (6.2.23)
I, =al, (6.2.24)
I =—al, (6.2.25)

where, f=1-¢, and a=1-¢,. &, (|8V| <<1) and ¢ (|{;‘i| <<1) denote the

voltage and current tracking errors, respectively (Smith et al, 1970).
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Using Eq. (6.2.22) through (6.2.25), the terminal equations for the circuit shown in Fig.

6.2 become
al, =1, =-1, =1, (6.2.26)
a,l =1, =-1, =1, (6.2.27)
Va=V,=0 (6.2.28)
V.,= ﬁlVyl +I,R,=1,R,=1,R, /a, (6.2.29)
Vo =1,R,/B,=1,R,/a,B (6.2.30)

By writing a KCL equation at the input node of the circuit shown in Fig. 6.2, we obtain

1, =1,,+

m

LS (6.2.31)
(04

1

By writing node voltage equations for the circuit shown in Fig. 6.2, we obtain

1
y, =t (6.2.32)
sC,
IBP
=—— 6.2.33
»2 SC2 ( )

Equating Eq. (6.2.29) to Eq. (6.2.32), we obtain

1,,R 1
spt1 _ Lup (6.2.34)
a, sC,

Equation (6.2.13) can be simplified as follows:

@,

BP — HP
sC\R,

(6.2.35)

Equating Eq. (6.2.33) to Eq. (6.2.30) yields

I,,R 1
ZLP7x2 _ " BP (6.2.36)
a,p, sC,
Equation (6.2.36) can be simplified as follows:
R, I
1, = m (6.2.37)
aZﬂZ
After substituting Eq. (6.2.35) and Eq. (6.2.37) into Eq. (6.2.31), the transfer function of

the circuit at different outputs is found as follows:
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1 a,a

L= 1% (6.2.38)
I, s"R,R,CC,+saR,C,+aa,p,

I s’R R ,C,C

HP _ . Al GG, (6.2.39)
I, s°R,R,CC,+saR,C,+aa,p,

1 sa,R .C

= 22 (6.2.40)

I s’R R _,C,C,+sa,R_,C, +a,a,p3,

Equations (6.2.17), (6.2.18), and (6.2.19) show that the proposed filter produces
LP, HP, and BP responses simultaneously at its high impedance outputs. The natural
frequency and the quality factor of the proposed circuit are calculated from the

denominator of the transfer functions as follows:

o = |21%h (6.2.41)
RXle2C1C2

0= |%2PaRaCy (6.2.42)
alRXZCZ

6.3 SENSITIVITY ANALYSIS

The ideal sensitivities of the natural frequency and the quality factor with

respect to passive components are calculated using Egs. (6.2.20) and (6.2.21) as follows

1
S, =8k, =86 =S =, (33.1)
1
S =S = (3.3.2)

Siz =S¢ :—% (3.3.3)
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From the above calculations, it can be seen that the magnitude of all sensitivities

are constant and equal to 1/2.

Using Egs. (6.2.41) and (6.2.42), the non-ideal sensitivities can be calculated as

follows:

Si =Sk =8¢ =8c=— (3.3.4)
1
S.=8.=85=73 (33.5)

1
Si =S§2 Sf =S§l = (3.3.6)

S2 =87 =S¢ == (3.3.7)

Again, from the above calculations, it can be seen that all sensitivities due to

non-ideal effects are constant and equal to 1/2.

6.4 SIMULATION AND RESULTS

The validity of the proposed filter shown in Fig. 6.2 has been verified through
PSPICE simulations. Each DO-CCCII was realized using BJT implementation shown in
Fig. 2.6 (Fabre et al., 1996). For this simulation, the passive components were chosen

as, C, =1nF and C, =1nF. The circuit was supplied with symmetrical voltages of
V. =25V and V_ =-2.5V. The center frequency of the filter was set to 112.5 kHz

by changing bias currents /,, to 13puA and /,, to 6.5 A, respectively.

The simulations were carried out using the model parameters of NPN and PNP

transistors given in Table 6.1.

Table 6.1 Model parameters for NPN and PNP transistors used in PSPICE simulations.
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Parameter PNP NPN
IS 100.000000E-18 A 100.000000E-18 A
BF 100 100
NF 1 1
BR 1 1
NR 1 1
CN 2.2 242
D 0.52 0.87

The parameters shown in Table 6.1 are described as follows:

e IS: Transport saturation current,

e BF: Ideal maximum forward beta,

e NF: Forward current emission coefficient,

e BR: Ideal maximum reverse beta,

e NR: Reverse current emission coefficient,

e (CN: Quasi-saturation temperature coefficient for hole mobility,

e D: Quasi-saturation temperature coefficient for scattering-limited hole carrier

velocity

PSPICE simulation results for the proposed multifunction filter are shown in

Fig. 6.3, through Fig. 6.5, respectively. Fig. 6.6 shows all simulation results on a single

graph for comparison. From these figures, it can be observed that the three basic filter

functions, namely; LP, HP, and BP filter can be realized accurately using the proposed

configuration.
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Figure 6.3 Simulation result for the proposed low-pass (LP) filter.
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CHAPTER 7

CONCLUSIONS

In this thesis, we have focused on the experimental verification of voltage mode
second order multiple input single output (MISO) filters and design of both voltage-
mode and current-mode second-order filters using current conveyors. We have
presented three voltage-mode MISO second-order filters using CCIIs and one current-
mode multifunctional second-order filter using DO-CCCIL.

In Chapter three, a new voltage-mode multiple-input single-output multifunction
(MISO) filter using a single negative type second generation current conveyor (CCII-)
was proposed. The proposed multifunction filter was verified both experimentally and
through simulations. For experimental verification, the commercially available current
feedback operational amplifier AD844 manufactured by Analog Devices was used. The
simulations were carried out using the model parameters of AD844 from the built-in
library of PSPICE simulation program. The experimental and simulation results for
low-pass, band-pass, high-pass, and band-reject have a very good correlation with each
other. Small discrepancies are related with the non-ideal characteristics of AD844 IC
and the experimental equipment. The proposed filter has the following advantages: (i)
Voltage-mode circuits using conventional operational amplifier have the disadvantage
of severely reduced bandwidth at higher gains because of the op-amp’s fixed gain-
bandwidth product. These disadvantages can be eliminated by using current conveyors
and current conveyor based active elements (Wilson et al., 1990), (Wandsworth et al.,
1989); (ii) Realization of all the basic filter functions: low-pass, high-pass, band-pass,
band-reject, and all-pass; (iii) Low passive and active sensitivities; (iv) High output
impedance; (v) Ability to adjust the natural frequency and quality factor; (vi) High
quality factor.
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In Chapter four, the experimental verification of a voltage-mode multiple-input
single-output multifunction filter using a single current conveyor proposed by Sagbas
(Sagbas, 2003) was presented. The current conveyor was realized by a commercially
available current feedback operational amplifier AD844 of Analog Devices. The
experimental results were compared with PSPICE simulations. The experimental and
simulation results for low-pass, band-pass, high-pass, and band-reject have a very good
correlation with each other. Small discrepancies are related with the non-ideal
characteristics of AD844 IC and the experimental equipment. Effect of the non-
idealities and the sensitivity analysis of the proposed filter were also examined. The
multifunction filter has the following advantages: (i) The use of current conveyor
eliminates the disadvantage possessed by voltage-mode circuits using operational
amplifiers (Wilson et al., 1990), (Wandsworth et al., 1989); (ii) Realization of all the
basic filter functions such as low-pass, high-pass, band-pass, band-reject, and all-pass;
(111)) Low passive and active sensitivities; (iv) High output impedance; (v) Undamped
natural frequency is independent from the active parameters; (vi) Use of positive-type
second generation current conveyor which is more suitable than negative-type second
generation current conveyor in IC technology; (vii) Ability to adjust the natural
frequency and quality factor.

In Chapter five, the experimental verification of a voltage-mode multiple-input
single-output multifunction filter using two current conveyors proposed by Sagbas et al.
(Sagbas et al., 2005) was presented. The current conveyors were realized by
commercially available current feedback operational amplifier AD844 of Analog
Devices. The experimental results were compared with PSPICE simulations. The
experimental and simulation results for low-pass, band-pass, high-pass, and band-reject
have a very good correlation with each other. Again the small discrepancies are related
with the non-ideal characteristics of AD844 IC and the experimental equipment. Effect
of the non-idealities and the sensitivity analysis of the proposed filter were also
examined. The multifunction filter has the following advantages: (i) Voltage-mode
circuits using conventional operational amplifier have the disadvantage of severely
reduced bandwidth at higher gains, because of the op-amp’s fixed gain-bandwidth
product. These disadvantages can be eliminated by using current conveyors and current
conveyor based active elements; (ii) Realization of all the basic filter functions: low-

pass, high-pass, band-pass and band-reject; (iii) Low passive and active sensitivities;
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(iv) High output impedance; (v) Ability to adjust the natural frequency and quality
factor.

In Chapter six, a new current-mode multifunction filter that realizes three basic
filter functions at its high impedance outputs with minimum number of passive
elements was proposed. The sensitivity analysis was performed for ideal and non-ideal
filter configurations. The validity of the proposed filter was verified through PSPICE
simulations. The new circuit offers the following attractive features: (i) Three different
filter responses (LP, HP, and BP) at each output; (ii) All capacitors are grounded which
makes the filter more suitable for IC integration; (iii) High impedance at the output,
which enables the filter for easy cascadability without the need of any supplementary
buffer circuits. High output impedance; (iv) Undamped natural frequency is
independent from the active parameters; (v) Use of minimum number of elements (two

capacitors, two DO-CCClIIs).
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