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Abstract - The suitability of operat ional  transcon- 
ductance amplifiers (OTAs) as t h e  main active ele- 
ment to obtain basic building blocks for  the design 
of programmable non-linear continuous-time net- 
works is presented. T h e  ma in  purpose is to show 
t h a t  the OTA, as t h e  active element in basic build- 
ing blocks c a n  be efficiently used for  non-linear 
continuous-time functions synthesis. Two efficient 
non-linear function syntheses approaches are pre- 
sented. T h e  first approach is a rat ional  approxima- 
t ion a n d  t h e  second is a piecewise-linear approach. 
Test circuits have been integrated using a 3j1 p-well 
CMOS process. T h e  flexibility cif the designed a n d  
tes ted circuits is confirmed. 

I. INTRODUCTION 
Lately, several authors [I] - [5] have been successfully 

using the Operational Transconductance Amplifier (OTA) 
as the main active element in continuous-time active fil- 
ters. The OTA’s programmability nature’ and the fact 
that OTAs have only a single high impedance node, in 
contrast to conventional op amps make the OTA an excel- 
lent device candidate for high frequency and voltage (or 
current) programmable analog basic building blocks. The 
applicability of OTAs as components to the design of lin- 
ear networks has been extensively discussed elsewhere [l], 
[6] and not repeated here. The objective of this paper is 
to examine the applicability of OTAs as the basic elements 
to the design of non-linear networks. There is not much 
reported in the literature on the use of OTA for designing 
non-linear block components [7] -[8]. There are reported 
excellent contributions 191 - [ l l ] ,  I161 of non-linear circuits 
dealing with particular important non-linear problems. In 
our proposed approach rather than try to tackle a specific 
problem, we focus our attention in a general approach deal- 
ing with non-linear basic building blocks using OTAs as 
the main active elements. At this point no emphasis was 
done to optimize the circuit performance but to explore the 
potential and applicability of the OTA-based non-linear 
system approach. 

’ The output current Io of an OTA due to a differential input 
Vid is 10 = gmUid and gm is a voltage (current) controllable pa- 
rameterll], [6], 171. 
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11. BASIC BUILDING BLOCKS 
Multiplier Block. A two input four quadrant multiplier has 
an output(current) given by 

where the multiplier constant KM has units of A/V2. If 
Vl and Vz can take any positive or negative sign, the mul- 
tiplier is called a four-quadrant multiplier. This multiplier 
is represented in Fig. l(a). The corresponding OTA-based 
implementations are shown in Fig. l(b). The block ‘an 
represents a signal attenuator, its function is such that the 
maximum voltage swing of Vl and V2 are equalized, and 
-Vbb is the usual bias control of the OTA. An active at- 
tenuator can be implemented in CMOS technology [15]. 
Although not indicated in Fig. 1, assume the power sup- 
plies of the OTAs are VDD and - V ~ S .  For the circuit of 
Fig: l (b)  we obtain 

and 
I , = - g  mZ v 1 - - -K(VI, + VSST)Vl (2b) 

where K is a process- and geometry-dependent constant, 
V s s ~  = Vss -Vt, and Vt is a transistor threshold voltage2. 
The output current becomes IO = -aKVlV2 = -/KMIVIV~ 
where IKMI = aK. We have the flexibility of making the 
sign of KM positive or negative by injecting V2 to OTAl 
instead of to OTA2. 

Divider Block. A two input divider has an output which 
is the ratio of the two inputs, multiplied by a dimensional 
(in volts) constant K R ,  i.e., VO = K R ~ .  A-symbol of 
the divider is shown in Fig. 2(a), where the notation n 
and d stands for numerator and denominator, respectively. 
The corresponding OTA-based circuit implementation us- 
ing the multiplier symbol is shown in Fig. 2(b). 

Squaring and High Powers (Ezponentiation) Blocks. A one 
input squarer has an output proportional to the square of 

We have Msumed equal K’s and threshold voltages vt’s for the 
OTAs. 
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the input, 10 = KMV:. The implementation of the squarer 
is obtained by simply using a multiplier with equal inputs. 
To obtain an ezponentiation (raising to a power) block op- 
erator with an input V; and an output to be proportional 
to Yp where p > 2 ,  it is required ( p  + 1 ) / 2  multipliers for 
p odd and p / 2  multipliers for p even. Furthermore, since 
the proposed multipliers are of the transconductance type, 
the outputs must be converted into voltages to be able to 
use them as the inputs of following multipliers. This can 
be easily obtained by connecting an equivalent resistor at 
the output. An equivalent resistor using an OTA [5] - [6] 
is implemented by connecting the output to the negative 
OTA input and grounding the positive OTA input. 

Square-Rooter Block. A one input square-rooter has an 
output with the negative or positive square root of an input 
voltage multiplied by a constant of a proper polarity, e.g., 
v o = * l G l  , V , > O o r V o = + I J q I  , v i <  
0. Fig. 3(a) shows the implementation of the square- 
rooter, where the output VO is given by VO = K R ~  which 
yields V, = 1-1. A more detailed description of the 
implementation is shown in Fig. 3(b). 

Piecewise-Linear Function Generators. Diodes intercon- 
nected with OTAs can simulate ideal diodes, thus allow- 
ing a piecewise-linear approximation to any desired non- 
linear function. The accuracy, naturally, improves with the 
number of line segments involved. The ideal basic building 
block for piecewise-linear function approximation is shown 
in Fig. 4. Note that I D  = 0 until the breaking point 
(voltage reference V,) is reached. .The slopes of the lin- 
ear segments are proportional to the gm’s. The diodes can 
be implemented with MOS transistors with their gate and 
drain tied together. If a step type input-output character- 
istic is needed to implement discontinuities in the function 
approximation, the linear OTA can be substituted by an 
OTA comparator which ideally simulates a large gm and a 
saturation (output) current of *trbiaS. 

111. NONLINEAR FUNCTION SYNTHESES 
A rational approzimation that has the general form of 

a polynomial function or of a ratio of polynomials,i.e., 

where i is a positive integer number. In fact, the exponent 
i can be a fractional exponent of the form p/q, where p 
and q are negative or positive integers. The exponentation 
blocks are of the type of Fig. 5. If a negative - p / q  is 
needed, an additional divider has to be used. 

A piecewise linear approzimation can be obtained by 
using the basic building block of Fig. 4. Changing the PO- 
larity of diodes and input terminals of OTA’s allow the o b  
tention of negative and positive slopes. Arbitrary functions 
with variable positive and negative slopes can be approxi- 
mated. Furthermore, the slopes are voltage programmable3 
which gives an additional flexibility in the function approx- 
imation design problem. One example of an arbitrary func- 

tion approximation containing negative and positive slopes 
is discussed in the next section. Details on the practical 
considerations of the OTA-based piecewise-linear circuits 
are under consideration. 

Iv. EXPERIMENTAL RESULTS 
Several test-circuits containing OTAs and transistors 

connected as diodes were fabricated using a 3pm p-we11 
CMOS process by MOSIS. The linearized OTA used to 
synthesize the different non-linear analog functions is re- 
ported in (31. The die area of each OTA is 220x700prnz  
and it consumes 10 mW of power with f 5 V  supply volt- 
ages. A chip photomicrograph showing two complete OTAs 
of the test circuit is depicted in Fig 6. 

A. Pansconductance Multiplier. The structure used is 
shown in Fig. 6. The measured value of KM is 
2.4pA/V2. In all measurements described here a LOOKS? 
load resistor was used. The large-signal character- 
istics of the multiplier are shown in Fig 7 .  Vi was 
held constant (at O.OV, &0.33V, f0.66V, fl.OOV), 
while the input Vz varied between k l V .  The non- 
linearity error is shown in Fig 8.  For Vz, a triangular 
2 volts peak-to-peak signal was applied, while keeping 
Vi = 1V. The output current produced a triangular 
voltage signal of 660 mV peak-to-peak. Substracting 
this signal from an ideal triangular wave, the resulting 
peak-to-peak error signal was 17 mV which yields a 
non-linearity error of nearly 2%. Repeating the mea- 
surement but interchanging VI and Vz and being Vi a 
triangular signal of 2 volts peak-twpeak. A peak-to- 
peak error signal with an amplitude of 23 mV corre- 
sponding to a 3.5% non-linearity error was measured. 
Fig. 9 shows the multiplier being used as a modulator 
for the case where both input signals are sinusoidal. 

B. Piecewise Linear Approzimation. The intended trans- 
fer characteristic to be considered is shown in Fig. 
lO(a) and consists of three linear segments. The in- 
dividual slopes due to each OTA are indicated in the 
lower part of Fig. lO(a), and the composed resulting 
transfer characteristics are shown in the upper part of 
Fig. lO(a). The actual OTA circuit implementation is 
shown in Fig. 10(b) where an optional diode and volt- 
age sources have been added at the OTA (2 and 3) and 
shown with broken lines to improve high frequency 
performance of the circuit. Note that the slopes of 
the transfer characteristics can be easily modified by 
changing the OTA voltage-dependent transconduc- 
tances. The experimental results are shown in Fig. 
lO(c). 

V. CONCLUSIONS 
The suitability of OTAs as the main active element to 

obtain basic building blocks for the design of non-linear 
networks was established. Methods to implement prac- 

Additionally, if a resistive load simulated with an OTA is used, 
the slopes become ratios of transconductances which provida a very 
good temperature compensation and accuracy improvement. 
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tical non-linear circuits in a systematic design approach 
were developed. Two practical synthesis approaches were 
introduced. The programmability and flexibility of the 
OTA provides the potential to design adaptive non-linear 
circuits. Implementations of other non-linear synthesis 
approaches are feasible using the basic blocks here intro- 
duced. The proposed OTA-based building blocks can be 
incorporated in a CAD software [12] to fully exploit their. 
functionality and versatility. The test-integrated circuit 
experimental results verified the theoretical predictions. 
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Fig. 1 Multiplier (a)  Symbol, (b) OTA Implementation 1. 

v. A 

Fig. 2 Divider (a) Symbol, (b) OTA Implementation. 
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Fig. 3 Square-Rooter, (a) Implementation, 
(b) OTA Implementation. 

Fig. 4 Piecewise-Linear (PL) Function Generator Building 
Block . 

I 
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Fig. 5 Exponentiation ( C )  (Raising to a power) Operation, 
(a) Squarer, (b) Cubit, (c) p-th. 
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Fig. 6 A Chip Photo Micrograph of Two Complete OTAs. 

Fig. 7 Large-Signal Characteristics of Multiplier. 
VI = *{1.00, 0.66, 0.33, 0.O)V. 

(a) Transfer Characteristic 

Variable Triangular Wave for Vz. (e) Experimental Results. 
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