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Inverting second generation current conveyors: the missing building
blocks, CMOS realizations and applications
INA S A . A WA D ² and A HMED M. SOLIMA N ²
The concept of voltage mirror is introduced and used, together with the current
mirror, to ideally represent the current and voltage inverting properties of some
analogue building blocks. The properties of the nullor and mirror elements are used
to relate the di erent devices in the ideal case as well as to de® ne the adjoint
network for each building block. Two new types of second generation current
conveyor (CCII ) are introduced. One is the adjoint of the CCII and is named
the inverting second generation current conveyor `negative’ (ICCII ) ; the other is
the ICCII . CMOS realizations of the ICCII are presented and new ICCII
based current mode circuits are obtained by applying a voltage-to-current-mode
transformation to the CCII based circuits.

1.

Introduction

Several authors have investigated the possible theoretical existence of networks
consisting of ideal elements, the behaviou r of whose terminals cannot be described
by any of the existing network descriptions such as Z, Y and H matrices. Such
networks usually called pathologica l networks, are degenerate forms and are needed
to complete the domain of network elements. The concept of nullors, i.e. combinations of nullator s and norators, was ® rst implicitly introduced by Tellegen (1954)
under the name of ideal elements and given its present name by Carlin (1964 ) ten
years later.
The main reasons for the popularit y of these pathologica l elements are their
capabilit y of modelling active circuits independent ly of the particular realization
of the active devices and the possibilit y of generating a number of equivalen t idealized circuits from which the best practical ones can thereafter be selected.
It is well known that voltage mode circuits can be converted to current mode
circuits using the adjoint network theorem (R oberts and Sedra 1989a ) , where the
circuits are modelled in terms of passive networks and controlled sources. More
generally, current mode circuits can be generated from their voltage mode counterparts simply by interchangin g the nullator s and norators (Carlosena and Moschytz
1993 ) .
Despite the ability of nullators and norators to represent many active buildin g
blocks, they fail to represent the second generation current conveyor `positive’
(CCII ) which is one of the most important analogu e building blocks (Sedra and
Smith 1970 ) . Other elements such as resistors are combined with the nullator s and
norators in order to obtain the nullor representation of the CCII (Svobod a 1989 ) .
In order to avoid the use of resistors in the nullor representation of any buildin g
block, other pathologica l elements rather than nullator s and norator s need to be
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de® ned. One of these missing elements must represent the current mirroring action
existing at the output port of the CCII and the other must represent a voltage
mirroring action. The de® nition of these new mirror elements is given in § 2, and they
are used to de® ne the adjoint building block of the CCII which is introduced in § 3
and given the name `Inverting second generation current conveyor ``negative’ ’
(ICCII ) ’ . A nother new buildin g block, the ICCII , is also de® ned and added to
the second generation current conveyor family. In § 4, the nullor± mirror elements are
used to de® ne the relationship s between the di erent buildin g blocks. Two new
ICCII CMOS realization s are presented, and new application s are given.

2.

The mirror elements

In this section the de® nition of the singular elements, the nullator and the norator, is reviewed; then the de® nition of the two proposed mirror elements, the current
mirror and the voltage mirror, is presented.
The nullator is a one-port network element de® ned by V
I 0. It presents an
open-circuit and a short-circuit simultaneou sly. It is a bilateral and lossless one-port.
On the other hand, the norator is a one-port network element de® ned by: V and I
are arbitrary.
2.1. The current m irror
This is a two-port network element used to represent a current reversing action,
and is de® ned by

I1

V 1 and V 2 are arbitrary
I2 , and they are also arbitrary

1

A lthough the proposed current mirror element has the same symbol as that de® ned
by Wilson (1981 ) and shown in ® gure 1( a) , it is a bidirectional element and has a
theoretical existence. It can be represented using a nullator , two norators and two
equal resistors as shown in ® gure 1( b) . A n alternative representation of the current
mirror using the same number of elements is shown in ® gure 1( c) (Svobod a 1989 ) .
2.2. The voltage m irror
This is a two-port network element used to represent a voltage reversing action,
and is de® ned by

V1
I1

V2
I2

2a
0

2b

Its symbolic representation is shown in ® gure 2( a) . Two alternativ e realization s of
the voltage mirror using a norator, two nullator s and two equal resistors are shown
in ® gures 2( b) and 2( c) respectively.
3.

The CCII family

The second generation current conveyor CCII was proposed by Sedra and Smith
(1970 ) as a versatile buildin g block for analogu e signal processing. Basically, the
CCII is described as combined voltage-follower and current-follower. Only two
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Figure 1. (a ) The current mirror symbol. ( b) A current mirror representation using one
nullator, two norators and two equal resistors. ( c) A n equivalent current mirror representation using one nullator, two norators and two equal resistors.

types of CCII have been de® ned (the CCII and the CCII ) according to the
polarity of the current-follower. However, there are two missing members of the
family of the second generation current conveyo r CCII and they need to be de® ned
according to the polarity of the voltage-follower. In this section a generalize d de® nition of the CCII family is presented and their nullor± mirror representations are
illustrated.
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Figure 2. ( a) The voltage mirror symbol. ( b) A voltage mirror representation using one
norator, two nullators and two equal resistors. ( c) A n equivalent voltage mirror representation using one norator, two nullators and two equal resistors.

Referring to ® gure 3( a), the generalized CCII is a three-terminal device which can
be described using the following matrix equation

VX
IY
IZ

0
0
1

1

0

0

0

0

0

IX
VY
VZ

3
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Figure 3. ( a) The general CCII symbol. ( b) The CCII symbol. ( c) The CCII nullor± mirror
representation. ( d) The CCII symbol. ( e) The CCII nullor representation. ( f ) The
ICCII symbol. ( g) The ICCII mirror representation. ( h) The ICCII symbol. ( i)
The ICCII nullor± mirror representation.

Table 1 shows four di erent types of CCII, de® ned according to the signs of V X and
IZ relative to V Y and IX. The ® rst row of table 1 describes the CCII , which has
positive V X and positive IZ . Its symbol and nullor± mirror representation are given in
® gures 3( b) and 3( c) respectively. It is represented using a nullator connected to a
current mirror. The second type described is the CCII , which has positive V X and
negative IZ . Its symbol and well known nullor representation are given in ® gures 3( d)
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Sign of IZ

CCII type
CCII
CCII
ICCII
ICCII

Table 1.

A djoint of the CCII
ICCII
CCII
ICCII
CCII

The f our types of CCII.

and 3( e) respectively. It is represented using a nullator connected to a norator. Figure
3( f ) shows a new CCII type called the inverting second generation current conveyor `positive’ (ICCII ) , It has negative V X and positive IZ . It is represented using
a voltage mirror connected to a current mirror, as shown in ® gure 3( g) . The last type
to be described is the ICCII which is the same as the ICCII but with negative IZ.
Its symbol and nullor± mirror representation are given in ® gures 3( h) and 3( i) respectively.
The adjoint network theorem is very useful in the process of designing currentmode circuits which are obtained from their voltage-mod e counterparts af ter replacing each buildin g block with its adjoint and then interchangin g the excitation
and the response (R oberts and Sedra 1989b ). Kaulberg (1993 ) reported that the
adjoint of the CCII is a CCII . On the other hand, he described the adjoint of
the CCII as a buildin g block with a negative voltage-follower and a positive
current-follower. This description is the same as that of the ICCII .
Similarly , the adjoint of any buildin g block can be obtaine d using the transformation method described by Carlosena and Moschytz (1993 ) , which is based on
interchangin g the nullator s and norator s of a given network in order to obtain its
adjoint network. On the basis of this transformation method, the current mirrors are
replaced by voltage mirrors and vice versa.
Following the transformation method, the adjoint buildin g blocks of the four
CCII types can be obtaine d as given in table 1. The CCII and ICCII are selfadjoint whereas the adjoint of the CCII is the ICCII , and vice versa.

,

4. The relationships between different buildin g blocks based on their nullor± mirror
representations

Many buildin g blocks are represented using the same nullor and mirror elements but with di erent connections. This property can be used to generate
ideally equivalen t circuits by simply replacing a building block in any circuit
with another one af ter connecting it in a con® guration that results in the same
nullor ± mirror representation. The ideally equivalen t building block con® guration s
are illustrated in table 2. The group of building blocks comprises the voltage op
amp (VOA ) , the operational ¯ oating ampli® er (OFA ) (Huijsing 1993 ) , the current
op amp (COA ) (Bruun 1995 ) , the operationa l ¯ oating conveyor (OFC)
(Toumazou et al. 1991 ) , the operationa l mirrored ampli® er (OMA ) (Huijsing
and Veelenturf 1981 ) , the second generation current conveyor with its four
types, the di erential di erence ampli® er (DDA ) (Sackinge r and Guggenbuh l
1987 ) and the di erential voltage current conveyor (DVCC ) (Elwan and
Soliman 1997) .
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Table 2.

Ideally equivalent con® gurations and their corresponding nullor± mirror
representations.
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Table 2.

(Continued )
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Table 2.

(Continued )
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Table 2.

5.

(Continued )

New CM O S realizations of the ICCII

In this section two CMOS realization s of the ICCII are presented. The two
circuit implementations of the ICCII are based on the block diagram shown in
® gure 4( a) . The input stage is formed by blocks G1 and G2, which are single input
single output transconductors, while the output stage is formed by block G3 which is
a ¯ oating output transconduc tor. Negative feedback is used in order to minimize the
input impedanc e at the X terminal.
The gain between the Y and the X terminals depends on the transconduc tors G1
and G2 which must be equal in order to have an inverting property with unity gain
between the two terminals.
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( a)

( b)

(c)
Figure 4. ( a) The block diagram of the ICCII implementation. ( b) The ® rst proposed
ICCII CMOS realization. ( c) The second proposed ICCII CMOS realization.
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Many ICCII CMOS realization s with di ering performance can be obtaine d
according to the basic transconductor used. In order to obtain accurate currentfollowing action between the X and the Z terminals, the ¯ oating output stage G3
is realized using the ¯ oating current source (FCS ) introduced by A rbel and
Goldminz (1992 ) whereas two alternative realization s are given for the input transconductors.
5.1. The ® rst propose d C MO S realization
Figure 4( b) shows the ® rst proposed ICCII CMOS realization , which is the
simplest realization since the input stage is formed by an NMOS transistor M1 and a
PMOS transistor M2. For proper operation , the aspect ratios of M1 and M2 must be
chosen according to the following relation:

W /L
W /L

1

¹p

2

¹n

4

where ¹ n and ¹ p are the electron and hole mobilities respectively.
Transistors M3 to M8 form the FCS output stage which provides two balanced
output currents; one of them is fed back into the X terminal and the other is the Z
terminal output current. The accuracy between IX and IZ is determined by the
matching of the transistors M7 and M8. The input resistance seen at the X terminal,
Rx, is equal to the inversion of the loop gain; hence, a low impedance level can be
achieved by increasing the transconduc tance of the output stage.
5.2. The second proposed C MO S realization
Although the ® rst ICCII proposed realization uses a small number of transistors, mismatch between the input transistors can result in a large dc o set between
the Y and the X terminals. Moreover, the positive and negative supplies and the
threshold voltages of the NMOS and the PMOS transistors are assumed to be equal
in magnitude. These limitations can be avoided by using a linear transconduct or
which depends on two matched CMOS pairs and whose gain is controlle d by two
extra control voltages and is independen t of the supply voltages. Figure 4( c) shows
the second proposed ICCII realization . The input stage is formed by a double input
transconduc tor stage which uses four matched CMOS pairs (M1± M2, M3± M4, M5±
M6 and M7± M8 ) and two current mirrors (M9± M10 and M11± M12) . For dc o set
cancellation , the di erence between the two control voltage s must equal the di erence between the NMOS and the PMOS threshold voltages. The output stage is
formed by transistors M13 to M18 and is the same FCS stage as used in the ® rst
proposed realization.
5.3. Sim ulation results
The two propose d ICCII realization s were simulated using PSpice with model
parameters of the 1.2 m m CMOS process (vendor: A MI) . The supply voltages used
were equal to 2.5 V. The aspect ratios of the two CMOS realizations are given in
table 3 and the model parameters used are given in table 4. The simulation results of
the ® rst proposed ICCII realization are shown in ® gure 5. The dc and ac characteristics between the Y and the X terminals voltages are shown in ® gures 5( a) and
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Transistors

W ( m m ) /L ( m m )

M1
M2
M3, M4
M5, M6
M7
M8

30/4.8
97.2/4.8
60/1.2
120/1.2
94.8/3.6
198/3.6

Transistors

W ( m m ) /L ( m m )

M1, M2, M3, M4, M5, M6, M7, M8
M9, M10
M11, M12
M13, M14
M15, M16
M17
M18

120/3.6
30/3.6
90/3.6
60/1.2
120/1.2
198/3.6
94.8/3.6
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(a )

(b )
Table 3.

A spect ratios of the two proposed ICCII

Table 4.

CMOS realizations.

The 1.2- m m CMOS process parameters.

5( b) respectively. The dc transfer characteristic between the currents IX and IZ is
shown in ® gure 5( c) with a dc o set smaller than 0.1 m A . The ac response of IZ is
shown in ® gure 5( d) with a bandwidt h of 55 MHz. The simulation results of the
second propose d realization are shown in ® gure 6. A capacitor of 15 pF with a series
resistor of 500 V are added at the gate of M13 in order to ensure the stability of the
proposed ICCII .
Simulation results showing a comparison between the two realization s are shown
in ® gure 7. Figure 7( a) shows the improvement in the dc o set between the X and the
Y terminals, achieved by using the linear transconduc tor of the second realization .

Simulation results of the ® rst proposed ICCII

CMOS realization.

(d )

( b)

Figure 5.

(c )

(a )
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(b )

(a )

Figure 6.

Simulation results of the second proposed ICCII

CMOS realization.

(d )

( c)
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(a )

(b )
Figure 7.

Comparison between the dc o set and RX of the two proposed realizations.

Figure 7( b) shows the improvement in the input resistance seen at the X terminal,
achieved by increasing the transconduc tance gain of the second realization .

6.

Applications of the ICCII

In this section, the ICCII is used to realize current mode circuits by applyin g
the adjoint transformation to the CCII based voltage mode circuits. Recently, new
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realization s of the basic zero and pole sections using the CCII have been introduced by Soliman (1996 ) . By applyin g the adjoint transformation to these sections,
new ICCII based sections are obtained. Figure 8( a) shows the basic zero section
implemented using the CCII while ® gure 8( b) shows the new ICCII basic zero
section obtaine d by applyin g the adjoint transformation to the circuit of ® gure 8( a) .
Both sections have the same transfer admittance, given by

Io
Vi

Y1

Y2

5

Similarly , a new ICCII based basic pole section is obtained from its CCII
counterpart, as shown in ® gure 9. The transfer impedance is given by

Vo
Ii

1

YA

YB

based

6

Cascading the basic zero and the basic pole sections shown in ® gures 8( a) and
9( a) respectively realizes a voltage transfer function given by

Vo
Vi

Figure 8.

( a) The CCII

Y1
YA

Y2
YB

based basic zero section. ( b) The ICCII
section.

7

based new basic zero
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Figure 9.

Figure 10.
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( a) The CCII

( a) The CCII

based basic pole section. ( b) The ICCII
section.

based new basic pole

based voltage mode allpass ® lter. ( b) The ICCII
current mode allpass ® lter.

based new
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Figure 11.
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Simulation results of the allpass ® lter.

6.1. Exam ple
In order to realize the current transfer function given by

Ti s

s2
s2

s
s

4
4

8

consider the voltage transfer function of the same form as given by (8 ) , and divide
the numerator and denominator by a polynomia l Q s
s 1. A pply the RC : CR
decomposition and compare with (7 ); one gets the grounded capacitor circuit shown
in ® gure 10( a) . The resulting resistor and capacitor values are: R1 R4 1 /4 V ,
R2 1 /6 V , R3 1 /4 V , C1 C4 1 F, C2 6 F and C3 4 F.
The new ICCII based current mode allpass ® lter, shown in ® gure 10( b) , is
obtained by applyin g the adjoint network theorem to the above CCII based
voltage mode ® lter. The same current mode ® lter can be obtained by cascading
the basic pole and the basic zero sections of ® gures 9( b) and 8( b) respectively.
PSpice simulation s have been carried out for the circuit of ® gure 10( b) , using the
4
® rst proposed ICCII realization , af ter scaling all resistors by 6 10 and all
9
capacitors by 10 and taking Ii 10 m A . Figure 11 represents the magnitude and
phase responses for the output current Io .

7.

Conclusions

The current mirror and the voltage mirror elements were de® ned and used
together with the nullator and norator elements in order to simplif y the representation of di erent buildin g blocks in the ideal case. Two new buildin g blocks (the
ICCII and the ICCII ) were added to the CCII family. Both current conveyors
exhibit an inverting property between the X and the Y terminals. The ICCII is the
adjoint buildin g block of the CCII while the ICCII is self adjoint. New CMOS
realization s of the ICCII were proposed. PSpice simulation s using the 1.2 m m
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CMOS process have been carried out. RX smaller than 11 V , bandwidt h of up to
55 MHz and low dc o set were obtained. New basic zero and basic pole sections
using the ICCII were realized by applyin g the adjoint network theorem to the
CCII based sections. Finally, a new allpass ® lter implemented using the ICCII
was presented.
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