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Abstract. An equivalent circuit for the translinear implementation of the second generation current conveyors with 
positive or negative current transfer is given. This circuit takes into account the various parasitic elements of the 
conveyor which induce frequency limitations (gain values, poles of the transfers, and parasitic impedances). The 
methods allowing the determination of the values for these parasitic elements are indicated and discussed. The 
effect of each element on the frequency responses of the circuits using the conveyors are studied in every detail. 
The frequency behavior of two circuits are analyzed as examples: a voltage amplifier without feedback and two 
configurations for a second order biquad filter operating in current-mode. All the theoretical results of the analysis 
are well confirmed from SPICE simulations. 

1. Introduction 

The second generation current conveyor (CCII), intro- 
duced by SEDRA and SMITH in 1970 [1], rapidly ap- 
peared as a basic element of first importance. It has 
since given place to a great number of applications [ 1- 
6]. Thanks to its simultaneous voltage follower proper- 
ties (between ports Y and X), and current follower prop- 
erties (between ports X and Z), the circuit can be used to 
realize electronic functions operating in voltage-mode 
as well as in current-mode. Several implementations 
have been described to implement this building block 
[1-10]. The two most interesting ones from a point of 
view of a monolithic integration use a voltage follower 
to synthesize inputs Y and X and two complementary 
current mirrors that allow to recopy the current on port 
X to output Z. These two implementations differ only 
by the manner in which the voltage follower has been 
designed. When the former is obtained from an opera- 
tional amplifier used like a buffer [2, 3, 5, 7], the CCII + 
takes advantage at low frequency of a low value for its 
parasitic resistance on port X. It has however all the 
drawbacks that result from the use of an operational 

amplifier: reduced - 3  dB bandwith, more important 
power consumption, and also large silicon area. 

When the voltage follower is implemented from a 
mixed translinear loop using complementary bipolar 
transistors [3, 5, 6, 7], the CCII + is characterized by 
cutoff frequencies around several hundred of MHz. It 
also possesses on port X a parasitic serial resistance 
which value, in spite of being negligible, has gener- 
ally little variations up to some hundred of MHz. This 
property will sometimes allow to take advantage of the 
presence of this parasitic resistance. We only consider 
in this paper second generation current conveyors in 
translinear form. In a first part, after having recalled 
the definition of the CCII, we will indicate the different 
parasitic elements obtained from AC characterization 
of these conveyors. Then, we will discuss the manner 
to determine them from simulations or from experi- 
mental measures. We will also give the values for the 
parasitic elements obtained from SPICE simulations 
when the circuits are implemented with complemen- 
tary high performance bipolar arrays. In a second part, 
we will indicate the frequency limitations which re- 
sult from these parasitic elements. Two circuits using 
CCIIs will then be analysed as an example: a voltage 
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Fig. I. Electrical symbol for the CCII showing the conventional ori- 
entation for its input-output variables. 

amplifier without using feedback and two configu- 
rations for a second order biquad filter operating in 
current-mode. We will emphasize on the frequency re- 
sponse deviations due to the parasitic elements of the 
conveyors. The theoretical results of the analysis will 
in all cases be confirmed by the simulations, 

Y 

Io 
Q8 

Ql ~ Q  

Q3 ~ Q4 

~lo 
Q5 

(a) 

x 

~QQ7 

V+ 

Z 

V. 

2. Second Generation Current Conveyors 

2.1. Definition of the Ideal CCII 

The ideal second generation current conveyor (Fig- 
ure 1) is described by the matrix relationship that exists 
between voltages and currents of its input-output ports: 

f y  0 0 0 Vy  

Vx 1 o o Ix  (1) 

Iz 0 ±1 0 Vz 

In this expression, the current transfer Iz  ~Ix is equal to 
+ 1 for a positive current transfer conveyor (CCII +) and 
equal to -1  for a negative transfer conveyor (CCII-). 
The input impedances for the ideal CCII are respec- 
tively: infinite on port Y and null on port X. The port 
Z, that is equivalent to a current generator, possesses in 
consequence an infinite output impedance. 

2.2. Translinear implementation for the CCII 

Figure 2(a) and (b) show respectively the basic imple- 
mentations of the CCII + and the CCII- in the translin- 
ear form. The two circuits use a mixed translinear loop 
DC biased by two current sources -To, in order to have 
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Fig. 2. (a) Schematic implementation for the translinear CCII+; 
(b) translinear implementation for the CCII-. 

a high input impedance at port Y. For the CCII +, two 
complementary current mirrors allow to duplicate on 
port Z the input current flowing through port X. To 
obtain the CCII-, two additional crosscoupled current 
mirrors have been added to the preceding circuit, in or- 
der to reverse the current on port Z. The circuits which 
have been used for the various simulations were imple- 
mented with minor variations from the schematic forms 
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Fig. 3. The real CCII, its parasitics, and the ideal CCII. 

given in Figure 2(a,b). Notably particular attention has 
been paid when designing the input Y, to increase the 
input impedance at port Y. 

2.3. The Real Conveyor and Its Parasitic Elements 

The ideal conveyor in Figure 1, just as the general equa- 
tion, allows only an approximate analysis of a circuit 
implemented from CCIIs. Thus, when the possibilities 
of an electronic function will have to be determined 
and notably its performance at frequencies above the 
MHz range, it will be necessary to consider a simplified 
circuit for the CCII. But this must be relatively close 
to the real CCII. This model will have to include the 
different parasitic impedances of the circuit as well as 
the possible variations, according to the frequency, of 
the voltage and current transfers. 

Some relatively complete models of the CCII + 
whose input follower cell is realized from an op- 
erational amplifier have previously been used [11- 
15]. However, the values for their parameters are not 
adapted to the translinear conveyors whose frequential 
possibilities are much more extended. Figure 3 repre- 
sents the general equivalent circuit that will be used 
to represent the behavior of the real translinear con- 
veyors. The CCII is represented by dotted lines. The 
circuit contains an ideal CCII defined by the relation- 
ship (1). Following the case, it will be a CCII + or a 

CCII-. Between respectively each port Y and Z and 
the ground, the circuit contains a parallel equivalent 
parasitic impedance. !£x is the output resistance of  the 
equivalent Thevenin generator seen from port X./3(s) 
and s(s)  are respectively the voltage and current trans- 
fers of the conveyor that will generally be described by 
the following first order functions: 

9(~)  - 90 
1 + s/co~ (2) 

s ( s )  = so 
1 + S/Wc, (3) 

where/3o and s0 are the values of these transfers at low 
frequencies (the values for/3o and s0 are very close 
to the unit), c~ and w~ represent their corresponding 
poles. Then, the circuit in Figure 3 allows you to com- 
plete the matrix equation (1) relative to the ideal CCII, 
in order to describe correctly the real CCII. It then be- 
comes 

Iy 
vx = 

Iz  

1 / (Ry/ /C~)  o o 

~(~) -ax o 
o ±~(~) 1/(R~//C~) 

vv 

x I x  

Vz 
(4) 
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3. How to Determine the Parameters of  the Real 
Conveyor 

In this part we will briefly indicate the measures to un- 
dertake and the manner to proceed to determine the dif- 
ferent circuits' elements of Figure 3, either by simula- 
tions or from experimental measures. The relationship 
(4) that allows to define each of the parasitic elements 
also indicates the manner in which they will have to be 
determined. 

3.1. Characterization by Simulation 

Using of SPICE simulations is the simplest manner that 
allows you to determine, by AC analysis, the various 
elements in Figure 3. With a simulator that is a math- 
ematical tool, difficulties linked to physical measures 
(i.e., values too low to measure, maladjusted too high or 
too lowimpedances, measures at high frequency, etc.) 
do not appear by just only taking some precautions. To 
determine the current flowing through a component is 
for example very simple with a simulator. Experimen- 
tally, this is not as easy. 

/3(s) = V x / V y  is the voltage transfer of the con- 
veyor. It will have to be determined as a function of 
the frequency, an infinite load RL connected at X, the 
conveyor being driven on Y by a voltage generator with 
zero output resistance, and with output Z grounded. 

a(s) = I z / I x  is the current transfer of the con- 
veyor that will be determined with an input current 
applied on port X. The current I z  is then the current 
that flows through port Z grounded; port Y being also 
grounded. 

The values for R y  and Cy  will be determined 
with port X loaded by an infinite impedance, port Z 
grounded. The input voltage is in this case applied at 
Y from a generator with zero output resistance. Then 
the variation according to the frequency of the current 
Iv that goes into the conveyor allows to determine the 
evolution of the input impedance Zv = ( R y / / C v )  = 
V y / l y .  R y  is the value of this impedance at low fre- 
quency. The value of Cv is then deduced from the 
- 3  dB cutofffrequency, f y ,  o f Z v ,  Cy = 1/27rfvRv. 

The value of R x  is determined with outputs Y and 
Z grounded. When an input current Ix  is applied on 
port X, the resulting voltage Vx allows to determine 
R x :  R x  = Vx ~Ix. Also note that it will sometimes 
be necessary to add an inductance L x  in series with 
R x  to the model in Figure 3. Similarly that previously 

its value would have to be determined, after calculation 
of Rx,  from the +3 dB cutoff frequency, f x ,  of the 
impedance Z x  = V x / I x  by L x  = Rx/2zc fx .  

The values for Rz  and Cz, which constitute the 
output impedance of the current generator on port Z, 
will be determined for the conveyor driven by a current 
Ix  on X, and with port Y grounded. Then the volt- 
age Vz, which results at port Z loaded by an infinite 
impedance, allows to determine R z  at low frequency: 
R z  = Vz/o~ofx ~- V z / I x  (since the value of C~o is 
very close to the unit). The value of Cz is then de- 
duced from the - 3  dB cutoff frequency, f z ,  of this 
voltage: Cz = 1/2TcfzRz. Also note that, in order to 
obtain accurate values for R z  and Cz, it will often be 
necessary for this simulation to compensate the offset 
current existing on Z. Indeed the very important value 
of -Rz can lead, even for a very low value for the offset 
current, to an erroneous static operating point for the 
output transistors. The continuous offset current com- 
pensation will have to be applied on port X. 

3.2. Experimental Determination 

All the values for the parasitic impedances as well as 
/3o and ao can be determined at frequencies inferior or 
equal to some hundred KHz by using a common mea- 
surement equipment. The determination of/3(s)  and 
c~(s), as well as their respective poles co~ and w~ re- 
quire to undertake measures at high frequencies with 
the precautions of usage and the corresponding equip- 
ment [16]. The statement of the voltage gain variation 
/3(s) will be deduced from voltage measurements of Vx 
and Vy for different frequencies with the same condi- 
tions as above (i.e., output Z grounded, port X open). 
Notice that it is necessary to measure the voltage on 
input Y well, since the equivalent output resistance R 9 
of the voltage generator produces with G'y a pole cog 
that decreases Vy when frequency increases (see Sec- 
tion 5.2). 

The determination of the current gain c~(s) can be 
obtained from voltage measurement, port Y grounded. 
Indeed, the input current I x  can be obtained from a 
voltage generator, V~, adding a resistance R~ in series 
with input X: I x  = V~/(R~ + Rx) .  When a load resis- 
tance Rc is connected between Z and the ground (with 
RL << -Rz) the output voltage is: Vz = Rzc~(s)Ix. It 
follows that c~(s) = (Vz/V~)(R~ + R x ) / ( R L / / R z ) .  
Notice that these measures do not pose particular prob- 
lems at low frequency (resistances -Re and R~ on the 
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kf~ range are perfectly adapted). Nevertheless, it ap- 
pears a parasitic pole located at fL = 1/27rRrCz. 
This will often necessitate to decrease the value of RL 
(in order to increase fc) and then to correct the re- 
sponse obtained by taking into account the attenuation 
due to this first order parasitic response. 

The determination of the values for Ry and Cy, 
wilh X open and Z grounded, does not pose any particu- 
lar problem. They are obtained from classical measures 
at low frequency. Ry is deduced from the voltage Vy 
when a voltage generator in series with a high resistance 
Re is connected at Y. The value of Cv is then deduced, 
as previously, from the - 3  dB cutoff frequency, f r ,  of 
the voltage Vy. 

The value for the parasitic resistance Rx  is easy to 
measure at low frequency, with X and Z grounded. A 
voltage generator Ve, in series with a resistance Re be- 
ing connected at X, the value of Vx will be equal to 
Ve/2 when Rx  = Re. The determination of the output 

TaMe 1. (a) A C  and D C  characterist ics  for  the CCI I+ ;  A L A  200 
b ipolar  arrays,  with V + = - V -  = 5 V; -To = 500 /zA.  

A C  Character is t ics  

C~o = 0 .9914 

~o := 0 .999 

R y  = 1 7 . 1 6 M f 2  

Rz = 577 Kf2 
Rx  = 30.2 f~ 

wc~ = 3.8 109 rad/s 

+ 3  dB bandwid th  for c~ : 520 M H z  

w~3 = 6.48 109 rad/s 

- 3  dB bandwid th  fo r /3  : 1.03 G H z  

C y  = 1.4 pF 

Cz = 1.2 pF 

D C  Character is t ics  

Input offset  current  at Y:  Igoff = 15.67 # A  
Outpu t  offset  vol tage at X :  VXoff = 4 7 3 / z V  

Outpu t  offset  current  at Z :  Izoff = - 3 . 3 / z A  

(b) A C  and  D C  character is t ics  for  the C C I I -  ; A L A  200 bipolar  
arrays,  with V + = - V -  = 5 V; Io = 500 # A .  

A C  Character is t ics  

a o  = 1.005 

/30 = 0 .999 

Ry = 16.7 MUt 

Rz = 572  Kf~ 
R X = 30.2 f~ 

coc~ = 3.8 109 rad/s 

+ 3  dB bandwid th  for a : 413 M H z  

w~ = 6.48 109 rad/s 

- 3  dB bandwid th  fo r /3  : 1.03 G H z  

Cy = 1.5 pF 

Cz = 1.2 pF 

DC Character is t ics  

Input offset  current  at Y :  Iyoff = 15.67 tzA 
Outpu t  offset  vol tage at X :  VXoff = 4 7 3 / z V  
Outpu t  offset  current  at Z :  IZoff = - 1.65 # A  

impedance (Rz / /Cz )  on port Z is done with the same 
conditions as above (Y grounded). The cancellation 
offset current (obtained from an adjustable DC voltage 
reference) being applied on port X through a resistance 
with high value Roll. A voltage generator Ve in series 
with a resistance connected at X (with Roff >> Re) 
generates the input current Ix .  At low frequency, the 
voltage on Z is Vz~ when port Z is open. This voltage 
becomes (Vz~/2) when a load resistance Rc = Rz  
is connected. The value for Cz is then deduced as pre- 
viously, from the - 3  dB cutoff frequency, f z  of the 
voltage Vz with an infinite load RL. 

3.3. Parasitic Elements of the Translinear 
Conveyors 

The values for the various elements of the equivalent 
circuit in Figure 3, relative to the two translinear con- 
veyors deduced from Figures 2(a) and 2(b), have been 
determined from SPICE simulations. Nominal param- 
eters for the transistors of the high performance bipolar 
array ALA200 from ATT were used. With a collector 
current about the mA, the transition frequencies of tran- 
sistors NPN and PNP of this array [ 17] are respectively 
4 GHz and 2.5 GHz. The two conveyors have been 
implemented from transistors with unit emitter areas 
(NPN1X and PNP1X). Table l(a) and (b) give the 'val- 
ues of the DC and AC parameters for the two conveyors 
supplied under 5:5 V and with a bias current I0 equal 
to 500 #A. Note that the DC offsets cannot degrade the 
frequency responses of circuits using conveyors. They 
could be compensated if necessary. They could also be 
reduced by using appropriate implementations for the 
conveyors. As for example, the input offset current at Y 
is reduced from 15.67 #A to 1.5 #A when two comple- 
mentary cascode mirrors are used to generate -To from 
a single current source. Considering the AC character- 
istic, note that for the two conveyors the values for the 
resistances Rx vary from less than 20% in the range 
0-360 MHZ. Figure 4 represents the variations of the 
current transfers c~(s) according to the frequency of the 
signal, for the two conveyors. The two representative 
curves of/3(s) are practically superimposed for both 
circuits (Figure 5). The assimilation of o~(s) and/3(s) 
variations to first order transfers in a purpose of sim- 
plification, as indicated by equations (2) and (3) and 
Tables 1 and 2, establishes to be often well sufficient. 
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Table 2. Characteristics of the amplifier in Figure 9, with (R  x +/~1)  = 100 ~2. 

Go 

Theoretical Simulated 

5.0 5.0 
50.0 50.0 
500 503 

R2 - 3  dB Bandwidth Slew Rate for V'out = 1 V 
(MHz) (V/#s) 

(~2) Theoretical Simulated Theoretical Simulated 

500.43 122 140 766 739 
5.044 K 12.2 11.7 76.8 76.6 
54.74 K 1.2 1.16 7.5 7.4 

In some cases however (when for example the phase 
rotation plays the preponderant role) the two current 
transfers a(s), whose cutoff frequencies are the low- 
est, will be assimilated to lowpass higher order transfer 
functions. 

4. Understanding the Frequency Limitations of 
Circuits Using Conveyors 

4.1. Effect of a(s) and/3(s) 

The values of ao and/30 for the CCII + and the CCII- 
are equal at low frequency to the unit with a precision 
better than 0.87% (see Table l(a) and (b)). The poles 
of the voltage transfers w/~ for the two translinear con- 
veyors are located at high frequencies (see Table 1 (a) 
and (b)) so that the effect of/3(s) can generally be ne- 
glected. For example at 370 MHz, the phase rotation 
is only 10 degrees, while the magnitude variation, as 
compared to rio, is inferior to 0.34 dB. The poles for 

the current transfers ~v~ are located at lower frequencies 
(see Table l(a) and (b)). For the CCII + the phase rota- 
tion is around 10 degree at 100 MHz. At this frequency, 
the magnitude variation is equal to 0.12 dB as compared 
with c~0. For the CCII-,  these values are, respectively, 
for the same frequency: 13.1 degrees and 0.2 dB. Thus, 
the impact of a(s) can generally be neglected until rel- 
atively high frequencies like about 100 MHZ for the 
CCII + and the CCII-.  

As shown in the following section by the theoretical 
analysis, low phase rotations and low magnitude vari- 
ations (this induces low variations for Q and a;o in the 
case of filtering) may result around these frequencies 
principally due to the deviations of a(s). 

4.2. Effects of the Parasitic Impedances 

These parasitic effects will be determined considering 
the equivalent circuit on each port X, Y, and Z when a 
load resistance is connected. 

20 
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Fig. 4. Frequency variation of the current gains e~ for the conveyors in Figure 2; ALA 200 bipolar arrays, with V + = - V -  = 5 V; 1o = 
500 #A. 
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Fig. 5. Frequency variation of the voltage gains/3 for the conveyors in Figure 2; ALA 200 bipolar arrays, with V + = - V -  = 5 V; Io = 
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CCII 

_-Q 
icc(s) 

I _  

port Z 

R 

Fig. 6. Equivalent circuit with a load resistor R connected at port Z. 

Figure 6 represents the circuit to be considered 
when a resistance is connected between port Z and the 
ground. Ice  (s) is the short-circuited output current on 
this port. In the ideal case (i.e., without parasitic ele- 
ments Rz and Cz) the current Icc(s) would be flow- 
ing in the resistance R. The current IR(s) that really 
flows through R is given by 

Rz 1 
IR(s) 

Rz + _a 1 + (Rz,/R)Czs sCc(~) 
(5) 

This relationship shows that the value of IR(s) will be 
valid at low frequency if the condition R << Rz is sat- 
isfied. In this condition, a pole appears at the frequency 

cozn = 1/(RCz). Then, the ideal transfer will be only 
valid for frequencies lower than cJzR/10. Note that the 
value of cozn will increase as R decreases. When the 
load R shown in Figure 6 is replaced by a capacitor C, 
the current It(s) flowing through C can be expressed 
as 

C Rz(C + Cz)s Icc(s) (6) 
It(s) -- C + Cz I + Rz(C + Cz)s 

Now, the ideal value of Ic(s) will be valid at high 
frequency when the condition C >> Cz is satisfied. 
Equation (6) corresponds to a first highpass trans- 
fer. Therefore the expected ideal current Ic(s) will 
not be valid for frequencies lower than 10 COzc; with 

aJzc ~ 1/RzC. 
Figure 7 represents the equivalent circuit which has 

to be considered when a resistance is connected be- 
tween port Y and the ground. Without the parasitic 
e!ements R y  and @ ,  the impedance on this port is 
equivalent to R, but in fact it is effectively equal to 

(;~IIS{Y) ZyR = (7) 
1 + (R/ /Ry)Cys  

So, it is necessary to have a small value for R in 
comparison with Ry .  However, for frequencies higher 
than 0.1 cOyR (with aJyR ~ 1 / R C y )  this impedance 
will move away from the value wished. When on the 
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Fig. 7. Equivalent circuit with a load resistor R connected at port Y. 
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Fig. 8. Equivalent circuit with a load resistor R connected at port X. 

circuit of Figure 7 the resistance R is replaced by a 
capacitor C, similarly the calculation of the equivalent 
impedance Zyc  shows that the value of C will have 
to be chosen greater than G'y. In the same way, this 
impedance will keep offthe value 1/Cs wished for the 
frequencies lower than 10 cOyc, with cvyc ~- 1/RyC. 

In Figure 8, the equivalent circuit to consider when a 
resistance R is connected to port X is represented. This 
resistance appears in series with the parasitic resistance 
R x  (see Section 2.3). Therefore, it will be necessary 
to consider the value (R + Rx) in place of the ideal 
value R. When on the circuit shown in Figure 8, the 
resistance R is replaced by a capacitor C, the equiva- 
lent impedance that effectively has to be considered is 
equal to 

1 + RxCs  
Z x c  = (8) 

Cs 

instead of the value 1/Cs with the ideal conveyor. 
Then, for frequencies higher than 0.1 wxc (with 
coxe = 1/t:gx C) the effective impedance moves away 
from the ideal value 1/Cs. Also note that wxc in- 
creases as C decreases. All the theoretical analyses 

above have demonstrated that the parasitic impedances 
of the conveyors tend to modify the true nature of 
the transfer functions. Therefore, on some frequency 
range, the obtained transfers may differ considerably 
from the one expected. 

We will illustrate this, in the following sections, in 
the cases of amplification and filtering. 

5. A m p l i f i e r  E x a m p l e  

5.1. Implementation 

The voltage amplifier which will be considered is repre- 
sented in Figure 9. It comprises two CCII + and uses two 
successive conversions: current-voltage and voltage- 
current achieved by the first conveyor. It does not use 
feedback. The second conveyor, whose output Z not 
used is grounded, acts as a voltage follower which al- 
lows to obtain low value for the output impedance of 
the amplifier. In Figure 9, the equivalent voltage source 
(Eg, Rg) of the preceding stage which drives at the in- 
put of the amplifier has also been represented. 

5.2. Characteristics of the Amplifier 

When we consider the equivalent circuit of the con- 
veyor (Figure 3), the expression for the input voltage 
]/]in of the amplifier is 

Ry 1 
Vin 

Ry + Rg 1 + (Ry/ /Rg)Cvs  Eg 
(9) 

This relationship shows that this transfer will not ex- 
hibit any attenuation at low frequency if the condition 
Ry >> Rg is satisfied. Note that this relationship will 
generally be always satisfied because of the high value 
of Ry.  This transfer is a first order lowpass with a pole 
located at ~vy = (1/RgCy). Thus, the limitations in- 
duced by the driving stage of the amplifier will become 
insignificant when Rg is small. 

Then, taking into account the parasitic elements of 
both conveyors (which will be assumed identical) the 
voltage gain G~ of the amplifier can be expressed for 
an infinite load as 

Your ~(s)/~2(s) 
G~ - - -  - Go 

V~n 1 + (R~ / /Ry / /Rz ) (Cy  + Cz)s 
(10) 



On the Frequency Limitations of the Circuits Based on Second Generation Current Conveyors 121 

Rg 
' 

Driving Stage 

] CCII+ CCII+ 

, '  [ Y .  x I 
in R2 ;out 

--: RI _--:- 

Fig. 9. Voltage amplifier implemented from CCII + . 

In the expression above, Go is the value of the amplifier 
gain at low frequency: 

Go = (R2/ / -Ry / /Rz)  (11) 
R1 + R x  

These relationships well illustrate the effects of all the 
parasitic elements that have to be taken into account 
to calculate the value for Go and also to determine the 
frequency response of the amplifier. Equation (10) in- 
dicates that the response of the amplifier is dependent 
on four poles. The pole ~ (which is a double pole), 
relative to/3(s), is very high (see Tables l(a,b). It has 
generally to be taken into account only for low values 
of Go. This is the same for the pole w~ relative to a(s).  
The last pole 

1 
wz = t.zt //r~ / / ~  )iu"-'2"'~v"nz''"~y + Cz) (12) 

whose value is practically equal to 1/(R2(Cy + Cz), 
when R2 << ( R y / / R z ) ,  has to be considered for inter- 
mediate values of Go. Therefore, its action will become 
preponderant when the value of R2 is such that 

expression for the voltage gain of the amplifier in Fig- 
ure 10 now becomes 

Your 0:'(8)/~2(S) (1 + ~IC1s) 
Gv - - -  - G0 

Viin (1 + ~z)  (1 + (R1//Rx)C1s)) 

(14) 

Thus, when the value of C1 is equal to 

C l = G 0 ( l + - ~ l ) ( C v + C z )  (15) 

in order to compensate exactly the pole a~z, by a zero 
located at the same frequency, equation (14) becomes 

rout a(s)92(s) 
Gv - = Go 

]/]in (1 + GoRx(Cy + Cz)) 
(16) 

Then, a new pole appears located at o~z comp. = 
(1/GoRx(Cy + Cz)). This is characterized by the 
value of Go and the parasitic elements of the CCII +. 
This new pole located at higher frequency than the ini- 
tial pole is 

Rz 
03Z comp. = (1 + ~XX)0JZ (17) 

R2 >> w~, w~ (13) 
(cv + Cz) 

5.3, Compensated Amplifier 

The equations (10) and (11) above show that the pole 
aJz, whose value becomes preponderant for high values 
of Go, can partly be compensated by placing a capac- 
itor C1 in parallel with resistance R1 (Figure 10). The 

CCII+ CCII+ 

o o 

=- R I ~ C i  _ R2 ! -~ 

Fig. 10. Frequency compensated voltage amplifier. 
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Table 3. Characteristics of the compensated amplifier in Figure 10, with ( R x  + R1) = 100 Ft. 

- 3  dB Bandwidth Slew Rate for Vout = 1 V 
GO C1 (MHz) (V/#s)  

(pF) Theoretical Simulated Theoretical Simulated 

5.0 18.7 405 425 2544 1721 
50.0 187 40.5 40.3 254 195.6 
503 1870 4.05 6.42 25 24 
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frequency, Hz 

Fig. 11. Simulated frequency responses for the voltage amplifier with ( R x  + R1 ) = 1 O0 ft. 

5.4. Simulation Results and Discussion 

Features of the amplifier in Figure 9 have been char- 
acterized by simulation using the conveyor described 
in Section 3.3. Figure 11 represents the frequency re- 
sponse Gv (s) of the amplifier obtained for several val- 
ues of the gain Go, with (R1 + Rx) = 100 fk The 
evolution of the pole wz, according to the value of R2, 
appears well on this figure. Table 2 summarizes, the 
characteristics of the amplifier determined by simula- 
tion in these conditions. We have also indicated the 
theoretical values calculated from previously set rela- 
tionships. The values of R2 were determined from Go 

by taking into account the values of the parasitic re- 
sistances R y  and Rz (equation (11)). To calculate the 
theoretical values for the slew rate (SLWR), we have 
supposed that the amplifier behaves as a first order low- 
pass filter, so that the slew rate can be expressed as a 
function of its corresponding - 3  dB cutoff frequency 
f c  by SLWR = 27rfcVout. We have chosen, for these 
measures, an output voltage magnitude equal to 1 V. 
Afterwards, the amplifier was compensated as shown 
in Figure 10, the value of C1 being calculated from 
the equation (15). Its characteristics were also deter- 
mined as previously. Figure 12 represents the responses 
obtained for three values of Go (5, 50, and 500). Its 
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Fig. 12. Simulated frequency responses for the compensated voltage amplifier (R x +/~1 ) = 100 ~. 
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Fig. 13. Second order current mode biquad (configuration A). 

characteristics are summarized in Table 3. The results 
in 'Fables 2 and 3 indicate a good agreement between 

theoretical and simulated values. They illustrate well 
the importance of  the parasitic elements of  the convey- 

ors. They also underline the possibili ty that exists to 
take some advantage of  them. 

6. Current-Mode Filter E x a m p l e  

6.1. Two Basic Implementations 

Figure 13 represents the first configuration for an in- 
sensitive second order filter (that we will call circuit A) 
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implemented from second generation current convey- 
ors. The CCII + possesses two identical outputs Z that 
we have noted Z1 and Z2. The second output is ob- 
tained by just adding the transistors necessary for the 
constitution of a second output on each of the two com- 
plementary current mirrors that form the output Z of 
the conveyor in Figure 2(a). When R2 = R3, the filter, 
whose input and output variables are currents, is a bi- 
quad as it comprises the three second order elementary 
transfers (i.e., lowpass, bandpass, and highpass). The 
bandpass transfer is also available in several branches 
of the circuit. This will allow to explain the impact of 
the parasitic elements and to show that for a same trans- 
fer, all outputs will not always be equivalent because 
of these parasitic elements. When both conveyors are 
supposed to be without parasitic impedances, the ex- 
pressions of the various transfers are 

( R2RaC1C4 ~ S 2 
Iout4 ~. a1~32 J 

G 1 ( 8  ) - -  _ _  - -  
/ in  1 -Jr ( ~ ] C I S  + ( RaRaC1C4]s2 

\ {l:lp 2 / \ o~1/~ 2 ] 

(18) 

±out~ ( ~ ) s  
a 2 ( s )  - - -  

Iin \ tXl~2 / {RiRaC1C4~s2 l + ( ~ ) C ~ s  + v ~1~ J 

c s ( s )  - - -  
/out6 

(19) 

- a 2  + (c~lR3 - ce2R2)Czs 
I in  1 JU ( ~ ) C ] s  -]- ( R2R3CIC4 \ OLlp 2 ] Otl/~ 2 ) s2 

(20) 

In these expressions the indexes 1 and 2 for the trans- 
fers c~ and/3 are respectively related to the numbers of 
each current conveyor that we have indicated in Fig- 
are 3. Gl(s) and Ga(s) will be respectively highpass 
and lowpass functions with unit gain, as long as the 
transfers cq, c~2, and/32 remain very close to the unit 
because resistances R2 and R3 are equal. 

G2 (s) is a bandpass function having at COo a gain 
magnitude equal to Ra/(R2 + R3) = (1/2). As with 
ideal conveyors/out1 = /out3  = /out5 ---- (1/al)Iout2, 
it follows that this bandpass function is also available in 
several branches of the circuit. These transfer functions 
are also characterized by 

( O Z l / 3 2  ,~1/2 
CO o = \ R2R3CI C4. } (21) 

6'4)1/2 
Q = (OZl/32/~2}~3)1/2(t~2 -}- f ~ 3 ) - i  ~ 1  (22) 

The second configuration for the filter, which will be 
called circuit B, is obtained by replacing resistances 
R2 and R3, respectively, by capacitors (72 and (73, and 
in the same way C1 and (74 by resistances -~1 and R4. 
The biquad will be obtained here when capacitors (72 
and Ca have identical values. Therefore, the expres- 
sions and the characteristics of the transfer functions 
are easily deduced from equations (18) to (22) above. 
Then we obtain 

lout4 
a l ( s )  - 

I i n  

1 

c 2 ( s )  - 

G~(s) - 

1 -I- R 4 ( C 2  + C3)s -I- (Oll/32R1R4C2C3)s 2 

(23) 
/out1 

/in 
R4C2s 

1 + R 4 ( c 2  + Cs)s + ( ~ I / 3 2 R 1 R 4 C 2 C s ) s 2  

(24) 
Iout6 

f in 

-o~l/32(a2R1R4C263s 2 q- R 4 ( o z 2 C  3 - o z l C 2 ) s  ) 

1 Jr- ~ 4 ( C 2  "~ C3)s @ (OZl/32J~l]~4C2C3)s 2 

(25) 

Wo = (~l/32RIR4C2C3) -1/2 (26) 

(~ : ( 0gl/32C2C3 )1/2 ( C2 ~- 63 ) - 1 (  ~44 ) 1/2 (27) 

Now, G1 (s) and Ga (s) becomes respectively a lowpass 
and a highpass with unity gain (because C2 = Ca) as 
long as the transfers of the conveyors remain very close 
to the unit. Gz(s) remains a bandpass function with a 
gain magnitude equal to 1/2 at COo. 

6.2. Frequency Limitations Due to the Parasitic 
Elements 

Calculations on equations (18) to (22), and (23) to (27) 
indicate that all the passive and active sensitivities re- 
lated to COo, Q, and the gains are, for both configurations 
of the filter, inferior or equal to unit. In consequence, 
these two filters can be classified as insensitive [1, 18, 
19]. Besides, as already previously indicated, the inci- 
dence of the transfer conveyors c~(s) and/3(s) on the 
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values ofwo, Q, and the gains will be negligible as long 
as wo remains much smaller than cos and co n. This is 
not the same for the parasitic impedances depending on 
the configuration (A or B) of the filter and the values of 
the passive components, they can affect in an important 
manner the different transfer functions. Thus, for cir- 
cuit A, the values of the resistances R2 and Ra that will 
have effectively to be taken into account in the various 
expressions are (R2 + R x )  and (Ra + -Rx), because 
of the parasitic resistance R x  on ports X. The current 
Iota, l, which flows through capacitor C1 connected on 
ports Z and Y, will be equal to the calculated value only 
if 6'1 >> ( @  q- Cz). Thus, we obtain on the frequency 
range where the parasitic impedance ( R y / / R z )  does 
not have to be taken into account: 

C1 
lout1(8) c1 + C v  + c2 Izcc~sj~ ~ (28) 

Besides, the transfer functions will become incorrect at 
frequencies lower than 10 cOzgc. The frequency cozyc 
is defined by 

cozvc  ~- 1 / ( R y / / R z ) C l  (29) 

For circuit B, the capacitors C2 and Ca appear in se- 
ries, on port X, with the parasitic resistance Rx.  Thus, 
as indicated in Section 4.2 the transfer function will 
be incorrect for frequencies higher than approximately 
0.1 wxc  (the incidence coming here from both G'2 and 
Ca).This frequency is defined (with C2 = Ca) by 

~ x c  = 1 / ( R x C 2 )  (30) 

Similarly, as for circuit A, the current Io, t l  that flows 
inte R1 can be expressed as a function of the corre- 
sponding conductances by 

G1 
Ioutl(S) = G1 + Gy + Gz I z cc ( s )  (31) 

Therefore, on the frequency range where the parasitic 
capacitor (Cy + Cz) does not have to be taken into 
account, this current will be found lessened if the con- 
dition R1 << (Rv / / -Rz)  is not satisfied. Besides, the 
deformation of the transfer functions will appear for 
frequencies higher than 0.1 wzyR. This frequency is 
defined by 

~ozvR = 1 / R I ( c v  + Cz )  (32) 

6.3. Simulation Results and Discussion 

The limitations due to the parasitic impedances estab- 
lished in the sections above show for circuit A that all 
increase of the value of the capacitor C1 induces an ex- 
pansion of the range of frequency on which the trans- 
fer functions are exactly valid. However considering 
the bandpass output (and in consequence the highpass, 
too), this transfer response remains exactly valid for 
aJo >> cozyc; COo is the central frequency of the fil- 
ter in equation (21); a;zyc is defined by equation (29). 
The current/out 1 will however be lessened if condition 
C1 >> (Cy +Cz)  is not satisfied. This attenuation will 
not be harmful because the bandpass function is also 
available for example on the output port Z2. 

With circuit B, it is noticed that when a~0 and Q are 
fixed (equations (26) and (27)) it will not be possible 
to decrease both the capacitor values C2 = C3 (to in- 
crease Wxc (equations (30)) and R1 (to increase cozyR 
(equation (32)). This second configuration is therefore 
less interesting than the precedent. Indeed it will not 
allow to take advantage of the high frequency poten- 
tialities of translinear CCIIs. 

So as to confirm the preceding theoretical analysis, 
we have determined from SPICE simulations, using 
the translinear conveyors described in Sections 2.2 and 
2.3, the frequency responses of the two configurations 
of this filter. The values of the components have been 
calculated in order to obtain a theoretical central fre- 
quency fo at 3.16 MHz and a Q-factor equal to 4.96. 
In the calculations, as already indicated, the values of 
the parasitic impedances were taken into account. The 
used component values were respectively: R2 = -R3 = 
1 Kf~; C4 = 500 pF; C1 = 2 pF (circuit A); C2 = C3 = 
500 pF; R4 = 100 ~; R1 = 10 Kgt (circuit B). Fig- 
ure 14 which represents the bandpass transfers avail- 
able in Iout5 (see Figure 13) for both configurations 
of the filter underlines the superiority of circuit A and 
well confirms the theoretical analysis. In Table 4, we 
have indicated the simulated values for the parameters 
of the two configurations in conjunction with theoreti- 
cal values. The values indicated for the gains are those 
relative to the output Io,ts. If for circuit A, the obtained 
values are in good agreement with theoretical ones, this 
is not the same for circuit B. In Table 5 are indicated 
the gain magnitudes at f0 for the various bandpass out- 
puts of each of the two configurations of the filter (see 
Figure 13). These values also validate perfectly the pre- 
ceding analysis (equations (28) for circuit A, and (31) 
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Fig. 14. Frequency responses for the bandpass output Iout5 for circuits A and B. 

Table 4. Theoretical and simulated values for the parameters of 
circuits A and B. 

Parameter Theoretical Circuit A Circuit B 
Value 

fo (MHz) 3.16 3.18 3.02 
Q factor 4.96 4.88 1.23 
Gain (dB) - 6  -7.68 -17.8 

Table 5. Gain magnitudes at fo for the bandpass outputs of circuits 
A and B. 

Output Current Theoretical Circuit A Circuit B 
Value 

IouU - 6  dB -14 dB -18.1 dB 
Iout2 - 6  dB -6.52 dB -17.1 dB 
Iout3 - 6  dB -9.1 dB -31.3 dB 
Iout5 --6 dB --7.68 dB -17.8 dB 

for circuit B). They also confirm the superiority of  cir- 
cuit A. Also notice that for circuit A, the magnitude 

values of  current on ports X and Z2 of  the CCII + are, 
well obviously, the closest to the theoretical ones. These 

currents are practically identical to the short circuit out- 

put currents of ports Z1 and Z2 of  the CCII +. Indeed, 

they include the currents flowing through the parasitic 

capacitors in parallel with C1. On the contrary, Iout3 

comprises the current which flows through the para- 
sitic capacitor C y ,  but it does not include the current 

through Czl.  Figure 15 and Figure 16 represent re- 

spectively the lowpass and highpass transfers of  each 
of the two circuits. They also show that the responses 
are not correct for circuit B. In Figure 16 and for cir- 
cuit A, we can notice a modification of the asymptotic 
slope of the response. This occurs for a frequency of 
about 60 KHz. This is in perfect agreement with the 
theoretical analysis (wzgc,  in equation (29)) when we 
take into account the effective value of  the capacitor: 
(C1 + Cy + Czl)  on output Z1 and its corresponding 
parasitic resistance ( R y / / R z i ) .  This slope variation 
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also occurs on the bandpass response, but this will be 
without effect because COo >> w z y c .  However it does 
not affect the lowpass output as indicated in Figure 15. 
Indeed, at low frequencies, the corresponding output 
currents Iout6 is directly built from currents flowing 
through the resistances R2 and R3, and whose sum is 
equal to fin. 

A limitation of  circuit A, such that it is represented 

in Figure 13, comes from the value of  the ratio C 4 / C 1  

that for R2 = R3 is equal to 4Q 2. Two possibilities 
simultaneously usable allow however to decrease the 
value of  C4: 
(i) to suppress the capacitor C1 and to use only the par- 

asitic capacitor ( C y  + C z l ) ,  as the bandpass output 
current is again available in IoutS. We have checked 
that this circuit works always correctly and that the 
gain of  this output is similar to that indicated in Ta- 
ble 5. 

(ii) to increase, in a same ratio, the emitter areas of  the 
output transistors of  the current mirrors which form 
the outputs Z1 and Z2 of  the CCII + and Z of  the 
C C I I -  (this is equivalent to use for a l  and a2 equal 
values which are greater than the unit). Thus, for 
the same value of the ratio C4/C1, both values of 
COo and Q become multiplied by (a l )1 /2 .  

7. Conclusion 

First at all in this paper we have underlined the dif- 
ferences existing between the ideal and real conveyors. 
The parasitic elements of the second generation current 
conveyors implemented in their translinear form have 
been determined. The way to take it into account for 
the various analysis has also been indicated. Then, we 
have considered as an example a voltage amplifier with- 
out feedback and two configurations for a 2 nd order 

biquad filter operating in current-mode. We have ana- 
lyzed them and put in obviousness their limitations due 
to the parasitic elements of  the conveyors. We have also 
indicated the better ways to take profit of it, when this is 
possible.  The various theoretical analyses have always 
been confirmed by SPICE simulation results. This pa- 
per also underlines the precautions to have to take dur- 
ing the design of circuits using current conveyors. It 
also shows that some circuits previously published in 
the literature will only be able to function correctly at 
low frequency, because the parasitic impedances mod- 
ify considerably the nature of the transfer responses at 
high frequencies. 
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