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Summary

A technigue for generating driving
waveforms having non-linear dependence on an
independent variable is described. Forward
biased nigh-conductance silicon diodes are
used as feedback elements in an operational
amplifier circuit, A FORTRAN time-sharing
computer program has been written and used
tc aid in the selection of circuit components.
A radio frequency program generator has been
designed and built to provide the drive to a
voltage-contrclled oscillator as a function
of the NAL main accelerator bend magnet
current.

Introduction

Diode function generators have long been
used to obtain an output signal which is
some non-linear function of an input
signal. A popular technique is piecewise
approximation of the non-linear function
using an operational amplifier and a series
of dicdes and biasing networks to create
breakpoints between which the function
follows a straight line.l The accuracy of
this approximation is determined by the
number and placement of the breakpoints.

For many purposes, the breakpoint
approximation is adequate, but the straight
line segments do not provide a smooth
function, and the generation of an extremely
non-linear transfer function such as that
shown 1in Figure 1 requires a great number
of segments. The stability of the breakpoint
function is proportional to the regulation
of the reference vocltages.

General Characteristics

The function generator described herein
degigned to previde the drive to a
voltage-controlled oscillator as a function
of the NAL main accelerator bend-magnet
current to program the frequency of the
rf system. It employs dicdes as non-linear
circuit ¢lements, but in a manner that places
tnem always in the forward conduction mcde
rather than in a reversed bilas condition
frem which they are brought into conduction
at a preset breakpcint level of the input
signal. This mode of operation results in
a low noilse, smooth function without break-
points that is insensitive to power supply
variations. Since the forward I-V
characteristic for a semiconductor diocde is
a function of temperature, the stability
of tnis transter function gencrator is
dependent upon the circuit ambient tempera-
ture. For precision applications such as
tihe example described nere, the diocdes in the
circult should pe housed in a constant
temperature oven.
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*This worx accomplished under the auspices
of the 7.5. Atomic Energy Commission.

567

Illincis

Circuit Description

The basic circuit configuration is
shown in Figure 2. Although this circuit is
connected as an inverter to provide the
particular function required in the example,
non-inverting configurations can be used as
well, 1In order to obtain the sharp knee
required in the example, two stages of non-
linear operation are used; the first due to
the transformation of Vyy to Vp by the input
diode, DIN; the second by the non-linear
feedback network around the operational
amplifier.

In order for the diodes in the example
circuit to always be operating in the forward
mode as mentioned previously, it is required
that Voyr < 0, and that Vi > 0, and that
VoyT = 0 for In + Ip = 0. These restrictions
can be accommodated by suitable translations
of Viy or Voyr and the use of an offset
current, Ip, into the summing junction of
the op-amp.

Analysis

This circuit may be analyzed mathemat-
ically to determine how well a given selection
of components provides the required transfer
function. A requirement for this analysis
is a good determination of the forward I-V
characteristic for the diodes tc be used,
either in tabular form or as an analytic
expression., Figure 3 shows the forward I-V
characteristic for typical 1N456 diodes,
both at 25°C as specified by the manufacturer
and at 65°C as measured in the component
oven used for the example. Diodes were
selected to be "typical" by having their
forward voltage be close to that specified
by the manufacturer at currents of 0,1 mA
and 1.0 mA. A small number were then
measured in the oven Lo yield the 63°C
typical characteristic curve.

For a given circuit, the first step of
the analysis is to find the op-amp input
current, Ig, as a function of the input
signal Viy. This is accomplished by solving
the set of equatiocns:

Ip = Imx - Ip
I = £(Vp)
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The output voltage can then be found bj



solving the set of equations:
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Optimization

A FORTRAN program was written to perform
the analysis described above, and a suit-
able circuit configuration to satisfy the
required function shown in Figure 1 was
obtained by starting with a guess and
converging to an accuracy of less than 1%
of the desired result by perturbing the
circuit and noting the result., After a
number of cases were run using the computer
program to get a "feeling" for the technigue,
it was found that the design engineer could
converge to an acceptable solution in a
reasonable number of case studies using a
time-share terminal. This technique
would be most unsatisfactory in a batch-
processing environment due to the long time
lag between making the proposed change in
the circuit parameters and viewing the effect.
An okvious improvement in the procedure
would result through the use of a computer
program to automatically optimize the
circuit, starting with some reascnable guess
for the circuit parameters. A number of
nunerical minimization methocds are availlable
to accomplish this, but none have ceen
employed to date in the Solution of this
prokblem, since the manual optimization
technique yielded an acceptable result for the
single example described here more quickly
than the computer technique could ke
implenented. 2

A graph ©of the calculated percentage
Zifference between the circuit transfer
{unction and the desired function after
convergence is shewn in Figure 4. The
independent variaple in the graph was chosen
tc be tihe cp-amp input current as a
ccnvenience in expanding the horizontal
near zero for studying the character of
error. As one can note, +the error is
contained within a + 1% band cver the
required range of operation. The circuit
which resulted from the manual convergence
technigue is shown in Figure 5. & function
jenerater was kbuilt using the circuit as
calculated and its measured transfer function
is within 10 mV (0.5%) of the calculated
Tunction over the full range of operation,
The 1¥436 diodes, their series resistors,
and 3 referance dicdes used to provide
stable sources for translation currents
and vcltages are housed in a small component
oven cperating at 63°C {chosen as optimum
Zor the refoerence dicdes); all other
components are nmounted outside the cven,

Due te the technique used in characterizing
the diodes for the circuit znalysis
selection of diodes to be used in the

axis
the

function generator only required Zinding

units that had forward voltages close to the
manufacturer's specified value at two currents
at room temperature. Long-term stability

(> 30 days) is + 2 mV in the output voltage
for a given input voltage.

As one can note from Figure 1, the
reguired function in the example approaches
an asymptote for high values of magnet
current, but the error curve in Figure 4
indicates increasing error due to the fact
that the differential feedback impedance
cannot be made infinitesimally small without
an infinite number of parallel diode branches,
Since the NAL accelerator is to be used at
energies higher than the 200 GeV level
corresponding to the last point on the curve
of Figure 4, a voltage comparator was added
to the input of the function generator to
give constant output for inputs corresponding
to magnet currents above 1,300 amps. The
resulting error function is indicated by the
circled points in Figure 4,
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Figure 1. Radic Frequency Voltage-Controlled
Oscillator Drive Requiraed as a
Function of Main Accelerator Bend
Magnet Current.
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Figure 2.
Generator Utilizing Forward
Biased Dicdes.
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