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Abstract: Integrable nonlinear building blocks
such as multipliers, dividers, and piecewise linear
approximation circuits using current conveyors
are presented. Several practical circuits including
an amplitude modulator, a squarer, a square
rooter, and nonlinear resistors also have been
demonstrated experimentally. The results present-
ed in the paper will facilitate realisations of non-
linear circuits using CCllIs.

1 Introduction

Current conveyors (CCs) are useful in many analogue
signal processing circuits [1, 2]. Since the gain-
bandwidth product of an operational amplifier (OA) is
finite, the higher the gain it realises, the less bandwidth it
possesses. Based on this, several constant-bandwidth
amplifiers have been presented using various current-
mode active elements [3, 4]. It has been demonstrated
that the major advantage of CCs over conventional OAs,
is that they are able to provide wider bandwidth and
better accuracy [5]. Several implementations have
emerged such as active filters, oscillators, and amplifiers
using CCs. However, few implementations with CCs are
realised to synthesise various analogue nonlinear signal
processing circuits.

Recently, the application of continuous-time tech-
niques (i.e. MOSFET-C, OTA-C techniques etc.) in the
analogue MOS integrated circuits has received much
attention because such implementations can tolerate the
variations in the fabrication processes and environment
conditions, provided some automatic tuning scheme is
employed [6, 7]. Among them, the OTA-C technique
uses operational transconductance amplifiers and capa-
citors to synthesise various linear and nonlinear function
circuits [8, 9] which are attractive for integration. The
MOSFET-C technique uses MOS transistors biased in
the nonsaturation region as voltage-controlled resistors.
Both of them have performance limitations owing to real
active elements. The OTA-C technique is subject to the
limited input voltage swing, frequency dependent trans-
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conductance, driving capability etc, whereas the
MOSFET-C technique uses OAs as active elements and
its limitations includes nonideal OAs, nonresistive char-
acteristics of MOS transistors etc. It is difficult to decide
whether the MOSFET-C technique is better than the
OTA-C technique. However, it can provide more efficient
utilisation of the finite bandwidth circuits for CCIlIs than
OAs in the MOSFET-C technique {10].

2 Circuit description

Basically a CCII, as shown in Fig. 1, is a three-terminal
network whose characteristics can be described as
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where the plus and minus signs of the current transfer
ratio 4; denote CCII+ and CCII—, respectively. In the

CClI

Fig. 1 Circuit symbol of a CCII

following analysis, the current transfer ratio A4; is
assumed to be equal to one if not specifically mentioned,
CClII-based nonlinear building blocks including mutti-
pliers, dividers, and piecewise-linear approximation cir-
cuits are presented in the following Sections.

2.1 Multiplier

The drain current of a MOS transistor biased in the non-
saturation region can be expressed by the following equa-
tions when the drain-to-source voltage is zero [11]

Ip=F(Vp, V) — F(Vs, Vg) @
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where I}, is the drain current in the nonsaturation region,
W and L are channel width and length, respectively, y is
the effective mobility, V5 is the flat-band voltage, N , is
the substrate doping concentration, C,, is the gate oxide
capacitance per unit area, ¢ is the approximate surface
potential in strong inversion, V;;, V; are the gate and sub-
strate voltage, respectively, and V, is either the drain
voltage V;, or the source voltage Vs of the MOS tran-
sistor. A four-quadrant multiplier with current output
can be constructed as shown in Fig. 2a. The correspond-
ing block diagram is represented in Fig. 2b. Assuming the
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Fig. 2
a circuit of proposed multiplier
b symbol of multiplier, shown in Fig. 2a

aspect ratios of these two MOS transistors, shown in Fig.
2a, to be equal, the transfer function of the multiplier can
be obtained as

Iy =Ky WV, 3)

where K, (=2K) is the multiplier constant. The oper-
ation constraint of this multiplier is

Vi<min [V +V, — Ve, Vg — Vi) 4)

where V; is the threshold voltage of the two MOS tran-
sistors shown in Fig. 2a. It should be noted that the non-
linearities of the MOS transistors, including even and
odd harmonics can be cancelled simultaneously. If we
exchange the gate voltages of these two MOS transistors,
a similar multiplier can be obtained with

I,=-KyWV, (5)

Therefore, the sign of K,, can be either positive or nega-
tive.

2.2 Divider

We can also synthesise a divider circuit using the pro-
posed multiplier. Before building a divider, a linear
voltage-to-current (V-I) converter is required. A linear
V—I converter can be easily implemented using a CCII
and a resistor. Hence, a simple divider can be constructed
as shown in Fig. 3. Routine circuit analysis yields

GV, v,

v, = — =Kt 6
f KoV, >y (6)

where G is the conductance of the resistor, shown in
Fig. 3, and K, (= —G/K,,) is the divider constant which
can be positive or negative depending upon the sign of
K, . Although the circuit shown in Fig. 3 can perform
the division function, we propose a new integrable linear
V-1 converter which is composed of a CCII and four
MOS transistors biased in the nonsaturation region,
shown in Fig. 4a. Applying eqns. 1 and 2, we can express

2

the transfer characteristics of this linear ¥—I converter as
I,= 2K(VGA - VGB)(Vinl - Vn2) (7)

Therefore, a divider, which similar to the divider circuit
of Fig. 2, can be constructed in Fig. 4b. Tts block repre-

CCIT+

Fig. 3

Circuit of proposed divider
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Fig. 4

a Proposed voltage-to-current converter
b Circuit of integrable divider
¢ Symbol of divider circuit

sentation is shown in Fig. 4c. The transfer function is
given as

Vo1 — Vi
V = K inl in2 8
o P (®)
where
L
Kp= = (VGA — Vap)

(2.

(W/L)c and (W/L),, are the aspect ratios of the tran-
sistors of the V-I converter and the multiplier, respec-
tively.

2.3 Piecewise-linear approximation circuits

Recently, in the area of precision rectification, current
conveyors have been utilised and have shown very prom-
ising results [12, 13]. Here we use diodes, resistors, and
CClIs to implement the piecewise-linear functions. The
basic building blocks for the piecewise-linear functions
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can be classified into voltage-mode and current-mode
limiters according to the types of input signals, as shown
in Figs. 5 and 6, respectively. First, we consider the
circuit shown in Fig. 5a. V,, is an input voltage and V3 is
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Fig. 5  Voltage-mode piecewise linear function building blocks

a breakpoint voltage. If i, > 0 (i.e. [(V;, — Vg)/R] > 0), the
current i, will flow through the diode. But if i, <0, no
current flows through the diode. Therefore, the transfer
characteristic of the voltage limiter (V' L) can be written as

_ 0 for V,, < Vg
lo= [G(V,-.. — V) for V>V ®

where G is the conductance of the resistor shown in Fig.
Sa. Similar results can also be obtained for the remaining
circuits in Figs. Sb-d. Let us now consider the circuit of a
current limiter (CL), as shown in Fig. 6q, its transfer char-
acteristics can be expressed as

|:*(IB+ I,) forl, < —Iy
I, =

10
0 for I, > —1Ig (10)
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where I is the breakpoint DC current. The remaining
CLs shown in Figs. 6b—d, have similar transfer character-
istics to eqn. 10 depending on the type of CCllIs and the
diode.
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Fig. 6

Current-mode piecewise linear function building blocks

3 Performance analysis

A practical CCII+, shown in Fig. 7, can be constructed
using a commercial OA (LF356) together with current
mirrors composed of transistors arrays (CA3096AE) [14].
Fig. 8 shows a simplified macromodel for the OA. The
resistance R;, typically | MQ or so, is the open-loop dif-
ferential input impedance and R, typically about 100 Q,
is the open-loop output impedance. The dependent
voltage source, Av; represents the open-loop differential
voltage gain of the OA, where A4 can be expressed as

Aawl
s+ w;

(1)

Factor A4, is the DC open-loop voltage gain, and w, is
the 3 dB corner frequency of the OA. Assume that the
bandwidth of the current mirrors to be higher than that
of the OA. Then we substitute the simplified model into
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the proposed multiplier, shown in Fig. 2. The nonideal
transfer function of this multiplier can be approximately
expressed as
1

I, =Ky WV, 12

o= R R B+ (RR] 12
where B (= A, w,;) is the gain-bandwidth product of the
OA and R, is the equivalent resistance of the MOSFETs
biased in the nonsaturation region, as shown in Fig. 2a.
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Practical realisation of a CCII + proposed in Reference 13

Fig. 8

Simplified macromodel of an operational amplifier

The bandwidth of this multiplier is dependent on the
ratio of the equivalent resistance of the MOS transistors
and the effective output resistance R, of the OA. We can
therefore utilise the finite bandwidth of the OA efficiently
by appropriately designing the values of R,, and R, .

For the divider, shown in Figs. 3 and 4b, it is necessary
to discuss the stability of the circuits. If we assume that
there is a parasitic capacitor C,, at the output node of the
divider circuit, then eqn. 6 can be rewritten as

-GV,

_ _ 13
° " KyuV,—sC, 3

To be stable, the pole of transfer function of this divider
must be in the left-half plane (LHP), which dictates that

KyV, <0 (14)

A similar stable condition can also be derived for the
divider shown in Fig. 4b.

4 Experimental results

To verify the theoretical analysis, the proposed nonlinear
circuits are experimentally demonstrated. The NMOS
transistors in the MOS transistor arrays (CA3600E) are
used to implement the circuit of Fig. 2a. The measure-
ment results of these building blocks and their applica-
tions are summarised below.

4.1 Multiplier, modulator, and squarer
The multiplier, shown in Fig. 2a, is breadboarded, its DC
transfer curves are shown in Fig. 9, where V,isa 1 kHz

Fig. 9

DC transfer curves of multiplier, shown in Fig. 2a

triangular waveform of 0.1 V,, in amplitude and V, are
DC signals varied between +0.5V in 0.2 V steps with
Ve = 2.6 V. It is well known that a four-quadrant multi-
plier can be used as a modulator and a squarer. The first
application of the proposed multiplier is an amplitude
modulator. Two 0.1 V,, sinusoidal signals with different
frequencies (3 kHz and 100 kHz) are applied to the multi-
plier shown in Fig. 2a. The experimental data are meas-
ured with a 12kQ output resistor (see Fig. 10). The
second circuit application is a continuous-time squarer. A
0.1 V,, sinusoidal signal at frequency 10 kHz is applied to
both the inputs of the multiplier. The results are shown in
Fig. 1.

4.2 Divider and square rooter

The divider, shown in Fig. 3, is also implemented and its
DC transfer curves are shown in Fig. 12, where V| is
switched between two symmetrical constant values
(+0.1V) and V, is a negative ramp waveform between
0V and —0.5V at a frequency of 1 kHz with V; =26 V.
Its time-domain response is shown in Fig. 13. The circuit
of a square rooter is shown in Fig. 14. As an example, a
0.1 V,, sinusoidal waveform with frequency 10kHz is
applied to the input of the square rooter, the experimen-
tal results are shown in Fig. 15.
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4.3 Piecewise-linear approximation circuits

The applications of the VLs and CLs for the realis-
ation of nonlinear functions can also be implemented. A
desired nonlinear function is shown in Fig. 16a, Fig. 16b
shows its corresponding hardware implementation and
the experimental result is given in Fig. 16c¢.

5 Conclusions

Several integrable nonlinear building blocks using CClIs
such as a multiplier, a divider, and CLs, have been pre-
sented. Several applications including multiplication,

Fig. 10 Modulation application of multiplier.
Upper trace, 100 kHz (0.1 V/div)

Lower trace, 3 kHz (0.1 V/div)

Middle trace, modulated output (0.1 V/div)
Horizontal scale is 50 us/div

Fig. 13

Upper trace (0.1 V/div), output of a divider, shown in Fig. 3

Lower trace (0.2 V/div), input of Fig. 3 which is a negative ramp between 0 V and
—05V

Horizontal scale is 0.5 ms/div

CCli+

Fig. 11 Experimental result of a squarer Fig. 14 Circuit of aroot squarer

Upper trace, output of square (0.2 V/div)
Lower trace is input of squarer (0.1 V/div). The horizonal scale is 20 us/div

Fig. 15  Experimental result of Fig. 14

Upper trace (0.1 V/div) is input of root squarer
R=12KQ Lower trace (2 V/div) is output of root squarer
Horizontal and vertical scales are 0.2 V/div Horizontal scale 20 us/div

Fig. 12 DC transfer curves of divider, shown in Fig. 3
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Fig. 16

a Example of piecewise-linear approximation function

b Circuit realisation using proposed voltage-mode limiters
¢ Experimental results of Fig. 16h

Horizontal and vertical scale are 1 V/div

division, amplitude modulation, squaring, etc. have also
been demonstrated experimentally. To verify the feasi-
bility, CCIIs implemented by bipolar transistors are used
in experiments. It is to use the CMOS CCIIs [11] in
MOS technology. A systematic study of the nonlinear
signal processing circuits using CCIIs has been estab-
lished. The results will facilitate the realisation of nonlin-
ear circuits using CClIs.
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