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Summary 

A techniq-e for generating driving 
waveforms having non-linear dependence on an 
independent variable is described. Forward 
biased high-conductance silicon diodes are 
used as feedback elements in an operational 
amplifier circuit, A FORTRAN time-sharing 
computer program has been written and used 
to aid in the selection of circuit components 
A radio frequency program generator has been 
designed and built to provide the drive to a 
voltage-controlled oscillator as a function 
of the MAL 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 techniq,ue is piecewise 
approximation of the non-linear function 
using an operational amplifier and a series 
of diodes and biasing networks to create 
breakpoints between which the function 
follows a straight line.1 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 
lice segments do not provide a smooth 
function and the generation of an extremely 
non-line:r transfer function such as that 
shown in Figure 1 requires a great number 
of segments. The stability of the breakpoint 
function is proportional to the regulation 
of the reference voltages. 

General Characteristics 

The f..nction generator described herein 
'"J'?' r!l=<i.i;TPd +g pr(y,?i"e i--h+ Ari "C to 3 j_j‘- ."ii 1 
voltage-controlled oscillator as a function 
Of the NAL main accelerator bend-magnet 
clrrent to program the frequency of the 
rf system. It employs diodes as non-linear 
circuit Zlemcnts, but in a manner that places 
tr-iem al;jrl-yi" in tile forward con*<ction mode 
rather tkan in a reversed bias condition 
frcm wS.iol; they are brought into conduction 
at a preset breakpcint level of the input 
s1gna1. 'This no'de of operation results in 
a low ncsise, smooth function .without break- 
points tiiat is insensitive to pcwer supply 
~~~ariatioi::; . Since the forward I-V 
c:laractcrist:c for a semiconductor diode is 
j function of titmperaturc, the stability 
of tr,is transfer function generator is 

depi;ndent ~jpon tile Ioi.r,ciuit ambient tempera- 
tnre. For precision +plic,itions such as 
tdi2 +xan;pie described rlcrc, the diodes in the 
circuit r;hoiild be ho;l!;ed In LL constant 
temperat ,rt.i 0vc.n . 
*T1?1:; wc.jr:< .iCCOXJllr;hcd UZlilL!IY' t:Yf? iiUSiplCi-3ij 

of the -; . S . Atonic En,orqy ComJ1ission. 

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, 
r*on-inverting configurations can be used as 
well. In 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 VIN to VD 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 VDUT < 0, and that VIN > 0, and that 
VOUT = 0 for 10 + IT = 0. Tiiese restrictions 
can be accommodated by suitable translations 
of VIN or VOUT and the use of an offset 
current, IT, into the summing j,unction 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 to be used, 
either in tabular form or as an analytic 
expression. Figure 3 shows the forward I-V 
characteristic for typical lN456 diodes, 
both at 25OC as specified by the manufacturer 
and at 65OC 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 rnA 
and 1.0 mA. A small number were then 
measured in ihe oven iu yield Cite 65oC 
typical characteristic curve. 

For a given circuit, the first step of 
the analysis is to find the op-amp input 
current, IO, as a function of the inp-Jt 
signal VIN. This is accomplished by solving 
the set of equations: 

ID = IIK - IO 

ID = f (VU) 

'v' 

IIN = 
IN - VD 

%N 

The 0;ltput voltage can thc:n be LoTJnd by 

567 

© 1973 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.



solving the set of equations: 

IiB 
” 

I* + IT + i 5 1 IBi = 0 

VozT = IB1 R1 

v OUT = 'Bi i R. + NDi x V Di, 2 <i<NB - - 

“3 = g(IB ); 2 2 i INB . 
1 i 

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 technique, 
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 b'etwecn making the proposed change in 
the circuit parameters and viewing the effect. 
An obvious improvement in the procedure 
would result throush the use of a computer 
program to automatically optimize the 
circuit, starting with some reasonable guess 
for the circuit parameters. A number of 
n;:r,erical minimization methods are available 
to accomplish this, but none have been 
employed to date in the golution of this 
problem, since the manual optimization 
technique yielded an acceptable result for the 
single example described here more quickiy 
than the computer technique could be 
imFlemented.2 

A graph of the calculated percentage 
tiffcrcnce between the circuit transfer 
function and the desired function after 
:onver,gence is shcwn in Figure 4. The 
~~;~epcnLeiit variable in tilt2 graiJii 'aas CilCSe;l 

tc be t::e op-amp input current Ls a 
ccnvenience in expandin<? the horizontal axis 
near zero for studying the character of the 
error. As one can note, the error is 
contained within a + 1Z band "'ICI the 
rL:quircd range of operation. The circuit 
'.~; ;,- i c ;-, rs5ulted from the manual convergence 
technique is shos\rn in Ziglure 5. A function 
:ic-~r.!;r-.tcr was built using the circuit as 
~c;iicillJt~~d and its measured transfer functior 
1S -31thin 10 mV (0.5%) Of tile CalCUl2ited 
runction cl.Tcr the frill range c f operation . 
'I':~c i:<456 diodes , their series rcsistcrs, 
.1nd 3 ra-i!:r-2r.ce diodes used tc provide 
;+t;~i;l,_ :;(-j'Jr-cs for translation currents 
and vc1tage.i are housed in a small ,component 
~'ien ~;p:~rdtin~~ ‘it 63°C icnojcn as ~0ptim0m 
for t;1cz rcfL,rence diodes: ; all other 
hcomponcnts are mounted outsldi: the even . 
!~illi tc tl-t.: technique used in ci1~r;icterizir.g 
the ~dio(l~:s for the circuit _!nalysiF, 
-el,.Jc iior; 3F diodes to be Ilsi:d in t!:e 

function generator only required finding 
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 2 mV in the output voltage 
for a given input voltage. 

As one can note from Figure 1, the 
required 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 2. Basic Non-Linear Transfer Function 
Generator Utilizing Forward 
Biased Diodes. 
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MOE MODEL 
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FORWARD VOLTAGE, VD (VOUS) 

,;rc 3 .Fcrward I-V Characteristic For 
1~1456 Diodes with Diode Model 
aind sitting Pur.ction.5 Specified. 
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Figure 4. Percentage Difference Between the 
Circuit Performance and the 
Desired VCO Drive Voltage After 
Convergence. 
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Figure 5. Function Generator to Frcvide 
Radio Freqilency VCG Drive as a 
Function OE Main Accelerator Bend 
Magnet Current. 
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