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A CMOS IC Nonlinear Resistor for
Chua’s Circuit

José M. Cruz, Student Member, IEEE, and Leon O. Chua, Fellow, IEEE

Abstract—The first monolithic realization of the nonlinear
element in Chua’s circuit, now generally called Chua’s diode (1],
is reported. The element has been fabricated using a CMOS
integrated circuit technology. It can be used as the basic nonlin-
ear component for the experimental synthesis of a broad class of
circuits, including Cellular Neural Networks, which exhibits an
extremely rich variety of bifurcation, chaotic, and nonlinear
wave phenomena.

I. INTRODUCTION

BIFURCATION and chaotic phenomena can poten-
tially appear in many nonlinear electronic circuits
and most practical circuits are nonlinear to some degree.
For investigating complex dynamic phenomena it is advis-
able to use simple circuit prototypes in which bifurcation
and chaotic behavior can be analyzed, simulated and
easily verified. Chua’s circuit, shown in Fig. 1(a), is the
simplest autonomous circuit which exhibits bifurcation
and chaotic phenomena. It contains the minimum number
of linear storage elements (three) and a single one-port
nonlinear resistor (Chua’s diode [1]). The circuit has been
the focus of extensive studies, with more than fifty papers
published since it was discovered in 1984 [2], [3]. It is one
of the very few physical systems in which a formal proof of
the existence of chaos has been accomplished [4] and in
which the theoretical, simulation and experimental results
match precisely. These factors have made Chua’s circuit a
standard paradigm for studying chaotic phenomena.

The voltage-controlled driving-point characteristic of
Chua’s diode is shown in Fig. 1(b). For voltage signals less
than E, in absolute value the characteristic has a linear
segment with negative slope m,. For absolute voltages
larger than the breakpoint E, the characteristic has two
linear segments of negative slope m,, with |m,| < |m,|.
The piecewise-linear behavior is valid in the nominal
range (- E,, E,) in which the diode is normally operated.
For voltages outside this range the slope of the character-
istic increases monotonically ultimately becoming positive.
For large absolute voltages the characteristic lies in the
first and third quadrants of the I-V plane.

Until now, Chua’s diode has not been available as an
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Fig. 1. (a) Chua’s circuit. (b) Driving-point characteristic of Chua’s
diode.

off-the-shelf component; but has been synthesized using
multiple discrete components, like resistors, op amps,
diodes, etc. (see [5] for the first implementation and [1] for
an extensive bibliography).

In this paper we present the first monolithic implemen-
tation of Chua’s diode as a integrated circuit (IC) device.

This IC device allows us to hook up a chaotic Chua’s
circuit immediately, without any tuning. It will also facili-
tate the construction of an entire class of networks based
on the same nonlinear element, and exhibiting complex
dynamical behavior [6], [7].

This paper is structured as follows. In Section II we
present the experimental driving-point characteristic of
Chua’s diode based on the new IC device. We use the
device to build a Chua’s circuit, and we show the experi-
mental bifurcation and chaotic phenomena. In Section III
we give simulated static and dynamic characteristics of the
device. We give a numerical validation of the existence of
the Double Scroll chaotic attractor in Chua’s circuit when
using the new device, and we compare these results with
those obtained using an idealized piecewise-linear model
of the diode. In Section IV we describe the internal
structure of the device and its design in a 2-um CMOS
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986 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL.39 NO. 12 DECEMBER 1992

technology. Finally, in Section V we give some conclu-
sions.

I1. EXPERIMENTAL PERFORMANCE

Fig. 2 shows a diagram of the Chua’s diode integrated
circuit implementation. It consists of the monolithic IC
device powered by two floating batteries, with V. = 5 V.
The two-terminal Chua’s diode can be used in any floating
configuration; only the differential voltage V; across it is
relevant. This IC device has the minimum number of
possible external terminals—four.

The experimental results which we present in this paper
are for an IC Chua’s diode with a fixed driving-point
characteristic. The specification parameters of this charac-
teristic (the slopes m,, and m,, the breakpoint E,, and
the limit E,) have been chosen to provide robustness for
the experimental reproduction of bifurcation and chaotic
phenomena in Chua’s circuit. In particular, these specifi-
cations are m,/m; =19, m;, = —04mA/V,E, =07V,
and E, > 2 V. The measured values for these parameters
for the actual fabricated device are given in Table I.

The device can provide an output power of up to 2.2
mW in the nominal operating range, and up to 5.5 mW if
overdriven. The average total power drawn from the bat-
teries is 28 mW. This is less than the typical quiescent
supply power of a standard 741 op amp.

In addition to the fixed integrated circuit device, and
using a similar internal structure, we have also designed
and fabricated five programmable devices. They have ad-
ditional external terminals which can be used to adjust
independently the slopes m; and m, to +50% of the
nominal values.

2.1. Driving-Point Characteristic

Fig. 3(a) gives the experimental driving-point character-
istic of the diode in the nominal operating range. The
breakpoints —FE; and E, and the slopes m; and m,
correspond to the nominal values. The maximum relative
variation of the current I with respect to the ideal
piecewise-linear characteristic is 7%. This driving-point
characteristic has been measured to be valid from dc up
to frequencies of 100 kHz.

Fig. 3(b) gives the experimental driving-point character-
istic of the diode for an extended range. The curve re-
mains in the second and the fourth quadrants of the I-V
plane for differential voltages within the battery range
(=Vec, +Vee). For larger absolute voltages the device
acts as a passive resistor, as is expected by energy conser-
vation.

2.2. Application to Chua’s Circuit: Bifurcation Sequence

The functionality of our Chua’s diode IC device can be
demonstrated by using it experimentally to build Chua’s
circuit. Different set of values can be used for the linear
elements as long as they give a dynamic range for Vj
within the nominal operating range of the diode
(—E,, E,). If we also wish to center the frequency spec-
trum of Chua’s circuit variables in the audio range, a

N

Fig. 2. Nonlinear IC device: Battery connection.

(b)

Fig. 3. Experimental driving-point characteristic of IC device: (a) nomi-
nal range (vertical scale: 250 pA /division; horizontal scale: 400 mV /di-
vision) and; (b) extended range (vertical scale: 500 pA /division; hori-
zontal scale: 1 V /division).

TABLE 1
DC PARAMETERS OF THE IC DEVICE
Parameter Value Unit
m -0.41 mA/V
m, —0.78 mA/V
E, 0.7 v
E, 2.0 v
E, 5.0 v
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Fig. 4. Experimental V., versus V-, Lissajous figures. Bifurcation sequence for decreasing values of the linear resistance.
(Vertical scale: 200 mV /division; horizontal scale is 500 mV /division). (a) R = 1826 (, period one. (b) R = 1809 Q, period
two. (¢) R = 1782 Q, period four. (d) R = 1765 Q, period n. (¢) R = 1741 (), period-three window. (f) R = 1710 Q, A
Rossler-type chaotic attractor. (g) R = 1641 €}, Double Scroll attractor. (h) R = 1518 Q, Double Scroll attractor.

corresponding choice of component values is the follow-
ing: C ~10"* F,C, ~10"7 F, L ~ 10~2 H, and R ~ 103
Q. In our case the experimentally measured values of the
linear elements used are C, = 10.02 nF, C, = 100.5 nF,
L = 18.81 mH, and the linear resistance R is a variable
potentiometer in the range 1-2 k.

With this experimental circuit we have reproduced the
well-known bifurcation and chaotic phenomena of Chua’s
circuit [4]. Fig. 4 gives the bifurcation sequence obtained
when the linear resistor R is decreased from 1.83 to 1.51
kQ. It shows first a periodic behavior emerging from a
stable equilibrium point, then a period doubling sequence
(period-two, period-four, and period n), a period-three
window, a Rossler-type chaotic attractor, and finally, a
Double Scroll attractor. As R is decreased further the
Double Scroll shrinks. After some point the Double Scroll
dies and a limit cycle associated with the external positive
slope of the nonlinear element is observed.

II1. SIMULATED RESULTS

In this section we give the simulated results of the
reported device. We use the circuit simulator Spice3e2 [8]
considering all of the parasitic effects and using the
transistor models provided by the MOSIS [9] silicon
foundry (Orbit).

These simulated numerical results demonstrate the ex-
istence of the Double Scroll attractor in Chua’s circuit
when using the new device. We compare these results
with those obtained using an ideal model of Chua’s diode.
This ideal model has an exact piecewise-linear dc charac-
teristic with the nominal parameters of Table I, and
without any reactive limitation due to parasitics.

3.1. Driving-Point Characteristic

Fig. 5(a) gives the simulated driving-point characteristic
for V; in the nominal operating range (—FE,, E,). The
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solid line represents the simulated characteristic of the
actual device. The broken line represents the characteris-
tic of an ideal piecewise-linear model given by

Iz = fr(Vz) = mVy

(m, —my)E;, Vi 2 E,
+4 (my — m)Vy, —E, <V <E; (1)
—(my —m)E,, Vi < —E,

using the m,, m,, and E, values of Table 1. The maxi-
mum deviation in the current for a given voltage occurs at
Vix = +E,. At both points the deviation in the current is
0.035 mA, corresponding to a maximum relative error of
7%, which agrees with the experimental results of the
previous section and with the analysis to be presented in
subsequent sections. This deviation is symmetrical and,
like our experiments and simulations, does not have an
appreciable effect on the bifurcation phenomena or on
the shape of the attractors in Chua’s circuit. The offset,
however, can give rise to an asymmetric characteristic and
produce a Double Scroll attractor with lobes of different
sizes. The actual diode has a small systematic offset,
imperceptible in the plot, of 4 mV (which corresponds to
an Ip = 0.003 mA for V; = 0 V). This offset is of the
same order of magnitude as the expected random offset
due to transistor mismatches in our technological process.
The measured I,—V}, diode characteristic begins to ex-
hibit high-frequency distortion and hysteresis only at fre-
quencies above 100 kHz.

Fig. 5(b) shows that simulated characteristic for the
extended range for the actual device. The shape of the
curve outside the range (—E,, E,) is not relevant for the
operation of Chua’s circuit, and does not need to be
defined in the ideal model. The shape coincides exactly
with the experimental characteristic of Fig. 3(b) and I
crosses through zero at V = +E; = +V. The effects
which cause this characteristic are discussed in Appendix
III.

3.2. Application to Chua’s Circuit

To further validate the suitability of the device we have
compared the dynamic behavior of Chua’s circuit using
the fabricated diode with that obtained by using an ideal-
ized model of it. As an example we show the results for
the Double Scroll chaotic attractor in Chua’s circuit. Fig.
6 shows the transient response obtained by a transistor-
level simulation with Spice3e2 [8] by using the initial
condition V; = 0.1 and V¢, = 0. A long trajectory in the
Ve, =V, I, three-dimensional space is used to represent
the shape of the strange attractor. Fig. 7(a)—(c) shows the
projections of the strange attractor obtained by a transis-
tor-level simulation which includes all known parasitics of
the new IC diode. Fig. 7(d)-(f) shows the projections of
the strange attractor obtained by using the idealized
piecewise-linear model of the diode (1) with no reactive
limitation at all. Essentially identical attractors are ob-
tained in each case.
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Fig. 5. (a) Driving-point characteristic in the nominal range. Simulation
using the IC device (solid line) and using the ideal piecewise-linear

model (discontinuous line). (b) IC device simulation in the extended
range (— Ve, Vee)-
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Fig. 7. Simulations of the Double Scroll attractor in Chua’s circuit. Using transistor models for the IC device: (a) projection
in the (V.,,V.,) plane; (b) projection in the (V.;,I,) plane; (c) projection in the (V,,I;) plane. Using an ideal
piecewise-linear model for the IC device: (d) projection in the (V,, V) plane; (e) projection in the (V¢, I;) plane; (f)

projection in the (V,, I;) plane.

IV. CircuiT DESIGN

tation with a 2-um p-well double-poly double-metal
CMOS technology. Then we discuss limitations and possi-

In this section we describe the actual design procedure ble improvements. We conclude by comparing this imple-
for the four-terminal device. We first present the internal mentation with others which have been proposed.
structure of the device and outline the design considera- The device is based on only two operational transcon-
tions that have been taken into account for an implemen- ~ ductance amplifiers (OTA’s), as indicated in Fig. 8(a). This
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implementation, unlike previous ones, do not require ad-
ditional elements like resistances or diodes, which are not
appropriate for CMOS VLSI implementation. The prob-
lem is reduced to the design of two adequate transconduc-
tance amplifiers. The intrinsic nonlinear behavior of one
of these amplifiers is used to generate the nonlinearity of
the driving-point characteristic. This enables us to obtain
high-frequency responses using a small silicon area [11].
These transconductance amplifiers, unlike standard op
amps, have only one stage, do not require internal com-
pensation [12] and the amplifier gains can be controlled
externally, if desired, permitting programmability.

The driving-point characteristic given in (1) is obtained
by using two amplifiers exhibiting transconductance char-
acteristics given ideally by

myE,, Ve = E,

Fa(Ve) = { M4V, —E <V <E (2
~mE, Vi< -E,

fa(Vr) = mpVg. 3)

The piecewise-linear characteristic f4 corresponds to
OTA A and the linear characteristic fs to OTA B.If the
open loop output resistance of the OTA’s are large enough
(see Appendix I for requirements) the new parameters
m, and my should be set to

my=my—my=—041mA/V + 0.78 mA/V
=037mA/V
mg=—m; =041 mA/V. 4)

In our design we try to obtain transfer characteristics for
the amplifiers which are close to the ideal models of (2)
and (3) and to minimize the effects of parasitic dynamics.

We have based our design on a simple input differential
pair structure as it gives the maximum effective frequency
response and minimal input noise. To minimize the offset
and increase the output swing we use a symmetrical
configuration with three current mirrors. These current
mirrors contain cascode devices to increase the output
resistance of the amplifiers in the nominal range of opera-
tion.

The complete schematic of the circuit is shown in Fig.
9. A large-signal analysis of this circuit is performed in
Appendix II. The resulting driving-point characteristic is
given by

179%
Ip =f(Vg) = —mpVi)/ 1 — 20
m4E,, Ve 2 V2,
Ve \
mVlf1 - [—] , —V2E, <V, < V2E,
2E,
-myE,, Ve < —V2E,.

(5)
The first term is due to OTA B and the second to OTA
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Fig. 8. Nonlinear resistor OTA-based structure with simulated dc char-
acteristic of each OTA in positive feedback configuration.

A. The parameters m, and my are the small-signal
transconductances of the amplifiers at the origin; they are
set to the ideal values given in (4). The new parameter o
has been set to 2.4, providing a quasilinear behavior of
OTA B in the nominal range. Fig. 8(b) and (c) gives a plot
with the current contribution of each amplifier in the
nominal range. The limit current of OTA A is the same
as in the ideal case (+m E,), but is not reached until
IVkl = V2 E,. At the voltages that we define as breakpoints
(+E,) the output current of OTA 4 is (1 — /3/4 ).
The maximum current difference between both the ideal
function and the actual one (5) occurs at the breakpoints.
The maximum relative error is given approximately by

ol my

=" - a7a) = 6.2%

I —-m,

- (6)
which agrees with the experimental and simulated results
obtained previously. Our experiments confirm that this
small error has little noticeable effect on the bifurcation
phenomena or on the shape of the attractors. This relative
error could be reduced using linearization techniques of
the differential pair to produce sharper corners at the
expense of more circuitry, for example by modulating the
value of the bias current [13]. However, the additional
circuitry will inevitably increase the noise and reduce the
frequency at which dynamic distortion (including hystere-
sis) begins to appear. These effects are detrimental to
applications of the Chua diode.

The technological data for the process in which this
device has been integrated are summarized in Table II.
Using (13), (14), and (17) (see Appendix II) we obtain the
main design equations for calculating the input transistor
ratio sizes and bias currents:

W, L my
L, wC, E
Wy 1 my,
Ly wC, o
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Fig.9. Transistor schematic.

1, =m,E,
(7)

Additional design equations for transistor sizing are
given by output swing requirements and to obtain enough
headroom for the current sources. These equations are
derived from large-signal conditions for maintaining all
transistors out of the triode mode. For the final sizing we
use computer simulations to consider corrections for bulk
effect and channel length modulations [10].

Table III gives the drawn dimensions for the complete
schematic shown in Fig. 9. For the differential pair input
transistors we have used a relatively large area to reduce
the flicker noise. Their values are W,/L, =2 X 30/6
and Wy /Ly = 2 X 15/6. For the current mirrors we have
used unity current gain to maximize their frequency re-
sponse. The W /L ratios of the current mirror transistors
are as large as 100 in the case of OTA B. Throughout we
have used transistor lengths greater than 4 um to reduce
mismatch and flicker noise. We only use minimum length
dimensions in the cascode devices as they do not con-
tribute to the offset and noise. In the fixed IC device the
bias currents are I, = 0.235 mA and I; = 1.00 mA. They
are generated by the bias circuitry shown at the left of the
schematic. The ratio m,/m, is to first order independent
of variations in the process parameters uC,, and V;;. The
absolute values of m, and m, depend on these parame-
ters but can, if desired, be compensated by simply adjust-
ing the power supply voltages of the device. The larger the
power supply voltage the more negative will be the slopes
m, and m,, maintaining the ratio m,/m, constant.

This IC nonlinear device can be operated without dy-
namic distortion at higher frequencies than previous im-
plementations. The hysteresis phenomena at frequencies
above 100 kHz is caused caused mainly by a delay of

Ig =mgo.
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TABLE 1II
TECHNOLOGICAL DATA
Parameter n-channel p-channel Unit
Vin 1.0 0.8 A%
nCyy 47 23 pA/V?
y 1.06 0.45 W
AL 0.54 0.42 pm
AW 0.07 0.17 pm
TABLE III
Mask DEVICE DIMENSIONS
Device W (um) L (pm)
Tio1.4 Thors Tho2.40 Tz 30 6
T103A7T1[)4A1 105A7T106A’T107A’T]08A 280 4
TIOBB’ 104B> 1 105B» TIOGB’T107B>T108B 280 2
T1094 100 6
T008 100 2
Ty014> T2018> Ta02.4> Tao2 15 6
Ty03.4> Tr0a45 T205.40 T206.4) T207.4> Ta08 400 4
203B» TZ[MB’ TZOSB’ TZOGB’ T207B) 2088 400 2
2094 476 6
3014 50 10
018 100 10
T302.4> 3028 20 10

about 5 ns when the current mirrors of OTA A switch off
at the breakpoint E, crossing. An improvement can be
achieved by using common current mirrors for both OTA’s.
In this case all of the current mirror transistors are always
in saturation mode and only a transistor of the input
differential pair of OTA A can switch off.

Fig. 10 shows the chip micrograph of the integrated
Chua’s diode. The device has four external terminals (the
minimum possible) and provides a fixed driving-point
characteristic. We have used the same orientation for all
the transistors to reduce mismatch. The input differential
pairs have been laid out in a common centroid configura-
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Fig. 10. Chip micrograph.

tion to minimize input offset due to threshold voltage
variations. The IC device occupies an area of about 0.5
mm?, and the total die size including the bonding pads is
1.3 X 1.3 mm. This chip has been encapsulated in 8-pin
DIP package (only the four corner terminals are used, as
was indicated in Fig. 2). This package is 0.3-in wide and
0.1-in interlead. It can be hooked into standard bread-
boards or opamp sockets. A photograph of the packaged
chip is shown in Fig. 11, and that of the Chua’s circuit
incorporating this chip is shown in Fig. 12.

V. CONCLUSIONS

In this paper we have presented an IC implementation
of the nonlinear resistor in Chua’s circuit. It is integrated
in a 2-um CMOS process. This is the first monolithic
implementation of such a resistor, and eliminates the
need for several discrete components. The small silicon
area required (less than a square millimeter) makes the
implementation cheap. It also open the possibility of
integrating in a single chip large Cellular Neural Net-
works [7] made of coupled Chua’s circuits to reproduce
wave propagation phenomena {6] and spatio-temporal
chaos.

Presently we are developing a version of the device to
be powered by a single 9-V battery. The use of one
voltage source instead of two is possible by integrating
additional circuitry generating a low impedance interme-
diate voltage at node 2 from the voltages at terminals 3

Fig. 11. Photograph of the packaged chip.

and 4, which are then connected to the single voltage
source.

We plan to make the device available as the first
off-the-shelf Chua’s diode. We hope that this chip will
make it easier for researchers to build and explore simple
circuits exhibiting a wide spectrum of complex dynamic
phenomena.

APPENDIX I
EFFECT OF FINITE OUTPUT RESISTANCE

To account for the finite value of the output resistance
of the amplifiers, (4) should be replaced by the following:
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1 — myr, 11
m=—->24 —+ — (8)
raB rOB I'OA
1—myr, 1 — mgr, 1 1
m, = 2+ %2+ —+— (9
To, Yoy Toy To,

where r, and r, are the small signal output resistances
of OTA" A and OTA B. This can introduce nonlinear
distortion due to the fact that r, and r, are in general
not constant but depend nonlinearly on the output cur-
rent (and on the output voltage itself when in feedback
configuration). To prevent this nonlinear phenomenon
from affecting the driving-point characteristic in the nom-
inal range we have designed the amplifier such that
ro V), r, (V) > 1/my,1/m, for Vi € (—E,, E,). In this
case Fig. 12. Chua’s circuit using the Chua’s diode IC.

my = —mg The maximum and minimum value of A are +1I,. As

with the ideal model, we define the breakpoint E, as

m,= —m, — mg. (10)
1 1
E=—*- |[—%%. (14)
APPENDIX II my uC, A
DESIGN EQUATIONS *L,

In the nominal range, all transistors are in the satura- ) ) ]
tion or in the cut-off mode. For an MOS transistor in Equation (12) is rewritten as
saturation we consider the following formula which ne-

glects the bulk effect and channel modulation effects: 84(Vr)
myE;, Ve 2 V2E,
nCo W,
1= == (Vos = Va)', (11) Ve
y mVe\[1= 7| - —V2E, <Vyx<V2E, (15)
1
The differential current of the differential pair of OTA A4 -myE,, Ve < —V2E,.

as function of the input differential voltage V; and the
bias current /, is then given by

\/ c W, 21, y 21,
Mo 7 —p- <M<
84(Vg) = L, uC E uC H/i (12)
OXLA OXLA
21
L, Ves- |[—5-
c 2
1 oxLA

The slope of the function at the origin is denoted as in

- The output current at the breakpoint is then given b
the ideal piecewise-linear model by m , and is given by P P & y

84(Ey) = IA(l - m) (16)

For OTA B the same equation (15) applies, but replac-

W,
1. (13)

A
ox
Ly

m = g4(0) = 1/ C
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ing the slope m , and the breakpoint E, by

WB
mp = p‘Coxr'IB
B
IB IB
g = m—B = ———W; . (17)
nCop——
ox LB

APPENDIX IIT
CHARACTERISTIC OUTSIDE THE NOMINAL RANGE

Outside the nominal operating range the following ef-
fects occur:

First, the nonlinear distortion of amplifier B is appre-
ciable for [V;| > E,. Gain compression causes the slope of
Chua’s diode characteristic to become less negative as |Vl
increases. This effect is dominant in the range (V3| € (2
V,3V).

Second, for voltages near the power supply rails the
output resistance of the OTA’s drop dramatically as their
output transistors enter in their triode region. The ap-
proximation in (10) is no longer valid.

Let us consider the case of large positive voltages V5.
For large input voltages the differential pair is switched
off, and there is no current flowing through the lower
current mirror. All of the output current of the OTA
flows though the upper current mirror. However, as the
output voltage increases the transistors enter the triode
mode and the output current decreases to zero when
Vi = V- The slope of the curve at that point is given by

W204A
1, Cox 1
\/ ’ L204A i

It can be related to m, and m, by using (10), (13), and
an:

, Wisan
mo+:fR(VCC) = ‘/MPCOX—-IA +

L104A

= +1.8Tm, + 3.16my (19)
m,,= —129m, — 1.87m, = +1.99mA/V. (20)
Similarly for V; = — V. we obtain
m, = fr(=Vec)
3 \/ ot ™1, ¢ \/ inCon 41, (21)
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It can be related to m, and m, by

= +2.64m, + 44Tm,
= —1.83m, — 2.64m, = +2.81mA/V (23)

(22)
m

o
Third, for V; outside the supply voltages range the
positive slope of the device increases even more as one of
the p-n junctions of the output transistors becomes for-
ward biased, causing a positive exponential component
which depends on [V; — V¢l For values (Vi — Vel of
about 0.8 V, the very large positive slope finally becomes
limited by the nonzero series resistance of the batteries.

APPENDIX IV
PROGRAMMABLE DEVICES

We have also integrated a chip containing Chua’s diodes
with programmable characteristics. In them the currents
I, and I, are controlled by additional external terminals.
The control of these currents gives two degrees of free-
dom in the three dimensional space formed by m;, m,,
and E|, which are the main parameters of the device.

my =K1\/E
m, = Kl\/E + Kz\/E
E =Ky/l,.

The proportionality constants are derived from (4), (13),
(14), and (17). They are given by

24

K L

1 Mop & ox LB

W,

K, = Co—

2 MepCox LA
K, = (25)

The currents I, and I, are controlled by voltages
across diode-connected transistors, allowing linear incre-
mental control of m,, m,, and E;.

The valid range of operation of the amplifier also
depends on the control currents. That range is maximum
around the nominal values of Table I. For lower control
current I the harmonic distortion of OTA B increases.
For large control currents I, or I the decrease in the
output swing of the amplifiers limits the valid range of
operation.
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