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ABST.RAc·r 

This invc~tigati.on is a study of the problem faced by ~ circuit 

designer who in the analysis and synthesis of his circuit must use 

parameters which vary over wide ranges o 

A technique utilizing a digital computer resulting in design 

curves is developed o A second technique is demonstrated where the 

same design curves are obtained by another method employing an analogue 

compute.r . 

Both techniques are applied to a neon plot oconductor circuit and 

design curves are ohtaf.ned with each method . 

The writers wish to express their appreciation for the assistance 

and encouragement gi.ven them by Professor ~" · Conley Smith of the U. S. 

Naval Postgraduate School . 
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Syflie~m r~H.~b:U.H:y is th® k~yuotfil in this dyn~wdLe ag~ of rn~eh&mi2-

ation wh~r~ unfailing pcrformanc~ i~ expect~d and requir~de Howev~r~ 

component part!! in fi systems configuration nre often subject to n:nnufactur­

ing tolerances which m®y vnry rndic~lly from the norm, yet a systems dea 

signer has to deal with thee~ varying components nnd produce a dep~nd~ble 

system. D~pendability can be m~asured as & statistical qu~ntity or oa an 

absolute requircm~nt. The latter definition of dependability will be used 

i n this pap~r as a yardstick in me4sur1ng the success of a particular de~ 

s ign. The problem to be undertnken in this thesis is the synthesis of a 

r eliable system consisting of uidely varying components. Reli~bility as 

used here is dependent on th~ components themselves not failing. 

Circuit synthesia is generally interpreted cs the formulation of siga 

nal flow charts and the determination of component values for the realiza· 

tion of a given trnnsfer or immittance function . This paper will b~ eon· 

cerned with only the latter p4rt of this definition. 

The specific system to bo investigated and designQd consists of a 

neon photoeonductor logic cireuit whieh is tt basic building block for othQr 

l ogic circuitry. Justification of the important requirement of reliability 

in this circuit is indicated by its use as a basic elem~nt in th~ founda~ 

t i on of an entire system. An~lys is and synthesis of the circuit will be 

restricted to a steady state investigation. 

Using the sp~cific neon photoconductor logic circuit as ~n example, 

a goneral technique of circuit synthesis will be proposed in which the 

tools of circuit analysis and inductive reasoning are utiliz~d for synthuaiz~ 

ing. Analysis can exist without synthesis but the conversa of this state= 

~nt is not true. H. s. Scheffler and F. Ro Terry in their paper entitled 

"Description and CompBrison of Five Computer M~thods of Cb:euit Analysis" 
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their concepts in circuit ~n~lysis 8re adopted and extand~d i nto th~ f ield 

of circui t synthesiso For exampl~ t he crit~ria, point of fai l ure 9 i s a 

basic extreme condit ion a pp licable t o n c ircuit pr ob l em ~hether the inveati-

gation be of ana lysis or snythe s is . The particular logi c circuit to be 

investigated will be synthesized with t he aid of both a digital and an 

electronic analogue computer. Each computer has advant3ges over the other 
• 

which are peculiar t o the methods utilized in the Bolution. Successful 

circuit synthesis by the computers produces design curves, which when 

properly interpreted can be on invaluable asset to the circuit d~signer. 
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2., ~~tt"iptiton of Digit~l co~pUt@lb 1i)ri$~ lgn. 'I'~ehniqu~ .. 

'thi.P ~ ,~ction ~xpl.M~\!Hl" in gen~ral tenns~ .t\ t~chniqu~ u9®ful in cf.r .. 

euit d~~ign which us~s to full ~dv~ntrng~ the high sp~ed c~lcul~ting f~mture 

of a digit~l computer .. 

!n d~signing a circuit to meet output specifications th~ d~~ign~r is 

almost invariably faced with th@ problem of u5ing component~ 1~ th~ cir~ 

cuit ~hlch do not hfive constant v~lu~s~ but m8Y h~v~ v~lu~~ in ~ giv~n 

rang~. Th~ aimpl~st @X&mple of this point is a~ ordingry fix~d ~e~istanee 

which may h~v~ any value in a range abovQ and bQlow its n@rnin.~l vslu~0 

This variation is du~ to manufacturing differences.. A range C·f vatritttlon 

m6y nlso b~ du@ to ~nvironmental chang~s during circuit operdtion~ ~ging 

or other factorse 

Circult para~tero which must be 5elcct~d from within ~ known range 

of variation will be referr~d to liS "knownu parmootelt"Ue Otb~r piir~rn~t@~S~ 

whose value can be cho~an by tb~ d~signer besed on his d~sign to mc€t 

Sp@cifications are defined as "design" potiramet~rse 

The fin~l circuit or circuits decid~d upon by th® d~sign~r rn~st meet 

th~ sp@cifict'.ltions for any rAndom s~t of th~ "knowo" param®ters .. .e~eh 

parameter in th® 5®t piek®d 4rbitr~rily from anywher~ t~ it~ ~ante of 

variations The d~signer must choose th~ design far~m~t@rs for htn ci~euit 

so that wh12n 18acccpt&bl~" ~.r.alues of the design par~m~t~rl'J ttr~ ut;~d in the 

circuit, the circuit perform®nee will rneet specifieation5 for ~ny rnndom 

set of the known p~r&tr.et@rs .. 

!n simpl~ circuits th~ df1!ci~ion ~a to tueccptll!bl~ v~J~lues of th~ d~si.gu 

psxnt~t~r3 ~y be ~~3Y~ Co"sider ~ simple volt~~6 ~ourc~ ~nd r~~!~t~nce 

~ircuf.t.. If the voltAge is t1 knovn p.sr~metcr with variation fr·om 5 to 10 

volts !md th.~ ~p~ocific~tion on output d(!m~nd8 ~ cu:rr~~)t o f fx-otc. 3 to 4 

~mrer~~~ •th~~~ th~ s~l~cti.on of aeeepttLb!tJ '-"nhne8 of res:lst.tm«:~a. thu dfH1i~~n 
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If the design parameter, R, h~s any accept~ble valu~; that i~ any 

value from 1.25 to 3.33 ohros, the circui.t will meet p~rfor"m8nce st-ed.fica-

10 volts . 

The exmnple shows the significance of the t~rms knm.;n and design 

par3meters, but i.s much too simrle to •let~lun.strate the technique developed . 

In the general ca~e , there are mnny tuo~iTI pan.tm~ters, each h'ith a range of 

variation. There is usually a number of output specifications to be met 

and the designer is nt liberty to pick his design parameters in sets of 

acceptable values . 

Stated most simply, the technique begins by first writing equations 

which express the output as a function of the design and kno'm parameters. 

By inspecting these equations and employing boundary conditions, the de~ 

signer must establish a range of investigation for each of the design 

parameters. This range is similar to the range of variation of the known 

parame ters, but differs in that it may be made larger or smaller during 

the process of design based upon the d€signers interpretation of the in~ 

it ial answers . 

Once a range h.as been established for each parameter~ the equation 

expressing the output must be solved for each value in the range of each 

parame~er. The values of design parameters which yield acceptable output 

regardless of the values of the known parRmeters used are recorded ?.nd 
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If A is 
n 

c·f c~.lldnl!lttrion i;., This problem suggests use of a digital computer with 

its rapid calculating ability as an invaluable toole 

In some cases it rnay not be necessary to investigate all i.ncrements 

of a known parameter. This exception was demonstrated in the trivial ex~ 

ample stated above although not specifically pointed outo The range of 

acceptable resistance was determined by investigating only the maximum 

and minimum values of the known parameter, voltage. Because of the simple 

nature of the circuit it is obvious that a value of the design parameter 

which is acceptable at both the maximum and minimum values of the known 

parameter will be acceptable for any value between and only the end points 

need be used. The character i stic of the parameter voltage which makes 

this true is that the partial derivative is always of the same signe 
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Tn ~~r~ a~ then~ it the partial derivative of the output taken with 

respect to a knoW'fl par~met~r ~s always of the same sign~ for all values 

of all the other known and design par~meters~ only the maximum and mini= 

mum values of that known param~ter need be investigated 9 since i f the 

design parameters are selected to be acceptable with both these points, 

they will be acceptable for any value of this parameter in its range. 

Since parameters of this sort mean a great reduction in the number 

of calculations, the equations for output should be partially different ­

iated with respect to each known parameter in turn to deter~ine if deri~a­

tives of constant sign exist. The partial derivative must be of the same 

sign for all values of the other known parameters. This may sometimes be 

shown by manipulation of the derivative expression to show it is always 

of one sign due to i.ts form. In other cases a worst case technique wi 11 

be sufficient to prove a constant sign of the derivative. In this pro~ 

cedure, if the derivative is assumed to be always positive all known para= 

meters appearing in the expression which tend to increase the derivative 

are set at their minimum and all those which tend to decrease the deriva= 

tive are set at their maximum. If the derivative remains positive f or this 

worst case, it can be assumed always positive. This procedure has the 

weakness that it may not be evident whether a given parameter tends to 

increase cr decrease the de rivativee Also~ in general~ if the range of 

parameter variation is very largei the derivatives will not pass this 

worst case test and the parameter must be divided into increments for in= 

vestigation. 

When the ranges of all parameters have been divided into increments 

to be tested whether numerous increments or only one (end points type of 

parameter) the computer program is written. This program solves for the 

output using each increment of each design parameter in combination with 
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aa ch !bii t .r~Rf~eht o[ e~d~ knoW'ifi ptn:am~t er ~ Tbel output resulting from ~ach 

set of pa·uun~t~.rs ts t~st~d <ltlld thos~ sets -which r~ sult in output wh i ch 

meets sr~ci. fici'<t ions .~;u·~ stor~d a n d printed. 

The output of the computer c~n most easily be interpreted if pre~ 

sented in graphica l forme I f there is just one design parameter this 

is not necessat)'o A most useful presentation for two design parameters 

i s a plot of one versus the otherG Starting with the dat~ for one value 

of a selected known parameter; for each value of one design parameter~ the 

maximum and minimum acceptable values of the other are plotted. Connect­

i ng all such points will yield an areae The values of design paramet ers 

corresponding to any point within this area when used with the previously 

selected known parameter will result i n a circuit which will meet design 

specifications. 

This procedure is repeated unt i l area plots are obtained for every 

increment of each of the known pa:rameters. In each case one de! ign para= 

mete r is plotted versus the other utilizing the same sc~lese If all these 

plots a re overlayed, t he area which is common t o t he acceptable ~res of 

al l t he graphs is the final design area desired ~ If a point i n this final 

common area is selected and the corresponding values of design parameters 

are used in a circuit, the circuit will meet specifications for all known 

parameters. 

The requirement for obtaining an area graph for each increment of 

each known par~meter demands much tedious plotting. This is essenti&lly 

the procedure; however, it is possible to write the computer program so 

that the data will be partially processed by the computer before printing 

thus eliminating some of the plotting and overlaying. This programming 

method is most easily descr i bed by us~ of a speci.fic ex6mp l e and is de­

monst r ated in a l ater chapter~ 
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Irc s t~,qt,. ~~1s-:;.H>h~ th.at wh;(r~i> th~ !3\(.Cept.'?lble a1.r~a graphs for the 

incrt'<i11J~fitS ot known pa:rarm~ters S~re overlay~d th.ere will be no acceptable 

area which 1s common to all the graphsQ Thus there ar~ no combinations 

of design pBrameters which will gu,~rant~e satisfactory circuits for ran­

dom known p~rametersG This condition can occur because the specifications 

on the output are too strict. This may be stated tu1other way by saying 

t hat the range of one or more of the known parameters is too large. The 

difficulty may be corrected by relaxing the specifications on the output 

or dividing one of the known parameters into two groups. If the trouble­

some known parameter is divided into two groups, each of which has half 

the range of variation of the parameter, there may then be common areas 

of acceptable values for these half ranges ond all other known parameters. 

In this case then there are in effect two design areas rather than one and 

t he divided parameter must be tested an1 separated into two groups before 

one can use this procedur~ to design fi circuit. 

If the area is lerge, tt may be possib le to tighten the output speci­

fi cations to be met or to tlldd .;;mother specification. Doing eH:har of 

t hese will tend to reduce t he size of t he area . By inspecttng th~ size 

o f the area resulting from the initial output specifications, a decision 

can be made as to how the specifications can be altered. By inspecting 

subsequent results and making further adjustments a balat'ce between specif­

ications and available coMbinations of design parameters can be achieveda 

The technique described results in an area of acceptable design 

values. If the designer picks a set of design values from in the final 

The questiot'! sti l l t'emains, "If all the combinations in the area meet 

specifications is there not one h~st combination or some part of the area 

s 



~"'lH,ch y.~,.~l Jis 6t.L•iH ii...:.tuts ~Lh~n vtuf::t' parts? 11 The techl('liqtues des~ 

cribed up to the point will not answer this question. 

t},'H1 method of detennining the best part of the finAl common area is 

to select one of the pr~liminary arua plots. This plot corresponds to 

on~ set of kno~~ parameters. Using this set of known parameters and re~ 

presentative values of design ptir&meter combinations throughoutt. the 21rea, 

on~! cai('ula.tes the value of: rJne of the output qut:mtitiese The values cal­

culated are plotted at the corr~spnnding point in the area. Inspection of 

the plot may reves l a trend ln the va.lu~ c·f the output pta·t.rneter .:1ud in­

dicate a portion of the area where this value best approximates its opti­

mum value. This process may be repeated with othar sets of known para­

meters and the corresponding area until it is established that the trend 

holds in enough of these preliminary areas that it may be assumed to hold 

in the final area plot. 

In sumrr~ry the t~chnique which has been described in thi~ 'cction 

results in a plot of one design parameter versus the other. An area of 

acceptable combinations of the two design parameters can be drAwn on this 

plot. If a. combination is selected from inside this area and a circuit 

constructed using this combinlltion and any cc.mbination of the kt1own para~ 

meters used in the circuit~ the resulting circuit will meet the desired 

output specifications. 
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The circuit chosen to illu~trate the technique described briefly in 

the preceding chapter is a neon tube ~ photoconductor circuit which is 

used as a basic building block in the design of computer logic circuits~ 

The basic circuit is shown in figure 1. 

Figure lc 
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The circuit consists of a neon tube, two fixed resistances~ Rl and 

R2 and a photoconductors Rpl, supplied from a 300 volt source. 

In the circuit, the output quantity of interest is the light of neon 

tube two. The input is light from a similar external neon tube~ called 

number one . With no input, there is no output; the very high dark resi st-

ance of the photoeonductor which is in the mt=ga ohm region limits current 

flow and keeps the voltage drop across neon number two low enough to pre-

vent its firing. With input light from neon number one~ the resistance 

of the photoconductor drops rddically to its light resistance v~lue of a 



few k i lohms ~nd nevn nwrubet' t\oW f1 :res~ producing 1 ight output~ 

The light output from neon number two is used as input to sub~ 

se.~ent circuits so it is essential that it be as nearly constant as 

possible for stable overation~ This constant current characteristic 

is not possible with the circuit as shown since the resistance of the 

photoconductor is a function of temperature. As the circuit operatesj 

the ambient temperature rises~ causing the photoconductor resistance to 

rise and the neon current to decrease. A proposed method of compensation 

intended to minimize this temperature effect is to insert a similar photu -

conductor in the shunt branch of the circuit as shown in figure 28 
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Figure 2. 

In this compensated circuit the output current is more nearly con-

stant despite temperature increase because of the feedback nature of the 

output light shining on photoconductor Rp2. Now, as the output current 

tends to decrease as a result of temperature variation changing the re~ 

sistance of Rpl~ the light output decreasest increasing the resistance of 
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The problem then is to design a circu i t, using availab le components, 

which will give a nearly constant ou t put l ight or current 9 throughout 

the operating temperature range of 25 to 55 det;rees Centigrade. The 

supply voltage is assumed t o be a cons tant 300 volts. The neon to be 

used is a General Electric NE2 type which has a firing voltage of 135 volts 

and a maintaining voltage o f from 60 to 100 volt s . 

The characteristics of the photoconductors employed in the circuit 

are more complex since the value of photoconductor resistance is a func-

tion of both the ambient temperature and the inci.dent light. The latter 

variation is more easily investigated if neon current rather than light 

is considered the determining factor. Mathematical relationships governing 

photoconductor resistance variation with temperature and with cu(rent have 

been determined from experirrental data. 

The temperature dependence of resistance can be obtained by consider-

ing figure 3 where log
10 

of resistance in kilohos is plotted versus tempera ­

ture in degrees Centigrade for three typical photo conductorso The curves 

are all for a constant incident light corresponding to two milliamperes of 

neon current. SLnce the data plots as a straight line on semi-log paper 

) 
J,1 

the variation is of the f o rm K i'- [\ (' • If curve II is se lee ted to 

determine the constant, 
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Dividing (2) by (I) 

Thus 

I 
j..:J, 

'; 
I 

.)/. 

12 

1 X ,I () fv > 

J 
I; >( /t ./f. ) 

I 7;? 

(' / tf f 

c ,)' 

( 1) 

{2) 



.J 

"' ... 
:> 

"' lC 

I 

J 

-I-

--~ ·--

--- ·-- -- . ··1-1---

--· · 1-1- .. 

-1-l-1- - -

-- ·- -1-

~-

- . ~ 

1-1-

I 

t-

1-

1-+-­

t­
l-t-

-1--

~-1-f­
- +--

- H f--t-++-+-1--+-t-+ - 1- · 1- -
-1-l-+-~-l-+-- 1 -1--

- 1--
r--- -

·1- 1--
- - -· 1--

- !-+-

!-- -1-1--

;--- -1-1--

--·- 1--1--1--t- ~--~-t--l- 1 -l-1-l- -1-!--t--t- ·-:--, +-t--t-11-+-++ 
t-- -1-- H- -- 1-1--
- ~- - -·1--1-- - - 1-- -

- -- .. . - -1-1-i-'- 1-1- 1---

--- 1·-1-1-1-- - f-1- . -

1-- -1-·--
- I-f- 1-1-1--

-- - 1-t- 1-1-1- -1-. 1-1----

- 1-1-1--- 1---

1-1-t-- 1-1- -

- -1- ~ -+-1-+-+- 1 -1--
- 1-H-1--

1-'-1--1---
-1-

- -1- -1-t- 1-H-
-1--1--t- 1-1--1-

1- 1--1-·- 1- -­

f-- -- 1--
~ 1--1-i _-

. ·- - 1--1-· -1-- --·- l-1-t- 1--- I 

1-1-1-- : ---- 1- -1---· 

- - - 1-1- -1-1-1- - I- -- - -- -- - - 1-t- -

- t - --1--- 1-- . - t-

1-. - -1-1- -1-. -!--1--

1- t-· . f--

. • 3 

1-

1-

1---



The coefficient A and the mathematical relationship expressing re-

sistance variation ~ith neon current can be obtained by considering 

figure 4. In this curve~ photoconductor resistance in kilohms is plot-

ted versus current in the exciting neon expressed in milliamperes; the 

curves are a 11 for a corstant temperature of 40° C. The ths:·~e curves 

A, 8, and C are for three representative photoconductors~ A and C show 

the extremes of variation and curve B is considered typical. In attempt-

ing to express the photoconductor resistance as a function of light, it 

was noted that curves A, B and C arc all of the same mathematical form 

and are related by a constanta This mlgnitude multiplying factor will 

be defined as z. This relationship is best illustrated by table I, figure 

5. 

The current-resistance characteristic o f any photoconductor can be 

obtained by deriving a mathematical expression Hhi.ch will fit one of the 

curves giving the proper form of variation and then multiplying the en-

tire e xpression by a constant to fix its magnitude. 

Curve B, selected as typical will be the one used to determine the 

mathematical form of variation . If this expression is assumed to have a 

magnitude multiplying factor of unity, reference to figure 4 shows that 

in order to cover the range from curve A to curve C the magnitude multiply= 

ing factor must have values of from .4, for curve A to 2.5 for curve C 

The first approximation to curve B which was investigated is a 

hyperbolic function where Kl is a constant to be determinedo 

(J " [- r 
Since a neon current of 2 rna. will be used as the mean point about which 

to design, the hyperbola constant was determined to fit curve B exa.ct ly 

at that point. 3 From tre curve at I'"' 2.0 rna., Rp >"! ·'4-.388 x 10 ohmso 
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Table 1 

Current Rp Rp Rp Rp(A) R£~C} 
in ma. C'Jrle A Cut"'Ve B Curve c Rp (B) Rp (B) 

in Kohm in Kohm in Kohm 

1. 00 L~ . 48 12.66 30.8 . 354 2 . 43 

1. 25 3 .38 9.07 22.0 .. 370 2.43 

1.50 2.78 6.71 17. 0 .414 2.53 

1. 75 2.06 s. 32 13.86 .388 2.60 

2 . 00 1. 72 4. 388 11.22 .394 2.54 

2. 25 1.46 3.79 9.28 .396 2 . 44 

2 . 50 1. 26 3 .. 37 7. 88 . 374 2.34 

2.75 1.11 3. OL~ 6.76 .363 2a22 

3. 00 1.00 2.89 5.82 .346 2 .02 

i. 7/L 

Incorporating the effect of temperature, 
~ 7 7 L l(,;t _,., . o I if .1 -;-

-~ \.. 

Since the value of R 
p 

3 = 4.388 x 10 ohms from curve B corresponds to 

I • 21na. and T = 40°C the constant 8. 776 Kz can be determined 

'l 
X / .:..' . ~- 77 I f<~ 

1 X J ,., ·l c' 
, (..' I { ) ( '/6) 

The hyperbolic expression with temperature effect included approximating 

curve B i s then 
'-.J'j I 

To include the fact that the magnitude of the resist4nce can vary 

from curve A values to curve C values , th·e magnitude multiplying fActor 

16 



Z nhJSt be inchnded. Tho compl~t~.:: t~sistance exprt!ssf.(Jltil for the photo-

conductor is then 

In the circuit being analyzed~ Rpl is supplied with exciting light 

from an external neon, neon number 1, which is assumed to provide a con-

stant light intensity corresponding to a neon current of 2 mag There~ 

fore~ 0. -/ 

1'- '" ! ~-

/ '\ ,- J 
~ 

I f ( 
..,. 

') ~ 

k • 1 'i ;. / 
i 

The compensating photo conductor Rp2 is excited by light fed back 

from the output neon, neon number 2. This light corresponds to the out-

put current r2• Therefore: 

;; 2 A/' ..: 
/ 

The plot of the hyperbolic approximation to curve B shown in Figure 

6 indicates that the hyperbolic curve fits experimental data exactly 

only at I R 2.0 rna. Since circuit performance with currents from leS 

rna. to 2.5 rna. is of interest, the use of the hyperbolic approximation 

introduces some error especially at the lowest value of laS mae where 

the error i~ l2e8%. 

The expression for photoconductor resistance is used in subsequent 

calculations and the simplicity of the hyperbolic expression is an ad· 

vantage when used in more complex express ions. However 9 a mo».,~ accurate 

curve fit over the entire 1.5 to 2.5 rna . current range w~s desired. 

The second approximation to curve B which was investigated was de= 

rived by assuming the curve to be of the form~ 

where A, B,C, and D are constants to be determ:tned. Appendi.x I shows the 

17 
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j 

from which f 

1 

Including the effect of temperature as in the hyperbolic approxi-

mat ion : 
'f ~ I 

/ v 
.J 

In the circuit being analyzed, Rl is supplied by light from neon one 

which has a constant currellt of 2.0 rna. therefo1 "'~: 

-------· l ·, • 

I . 



1.5 to 2.~ ma. will mPet sp~ri~lcations. Rl and R2 must be ch0sen such 

that this spec if i c.:rJ.t ~ '· n is wet -v•' ~th &ny ne!)n tube ani'! .'!ny photoconductor 

having characteristics >Jithin th•~ canges discussed above. Th~ only assump-

tion being that both photocondu~tors have the same value of magnitude multi-

ply ing factor, z. A further speclflcation is that for any finJ~hed circui t 

which wil l httve one value of neon voltage, V, and one value of z~ the vari-

ation in cu~rent due to temperature change from 25°C tn 55°C shall not be 

greater than .15 ma~ The eff~ct of imposing st ronger restrictions on the 

output will b~ invest igated and the r~sults ccmpa rede 

The upper limit on the values of Rl to be investigated can be estAb-

lished by setting the current Il ~ 1.5 and the vol tage V ~ 60, 

then 
()A ' J\, 1 ... 

" . ' ~I, 

Rl cannot be as conveniently set since its value depends upon the value 
min 

of R2 which ha.s not ye t been d,etennined.. A rough inititlll estimate can be 

obtaint'!d by assuming no current flm~1 throu6h th~ shunt branch and ignoring 

the contribution of Rpl in comparison with Rl then 

"'} ;,.( ... 
In view of the approximations -::tlftd<2 here, a more pesg imf.st ic value of 20 

kilohms should probably be chosen. Experience has shown that a range of 

from 40 x 103 
to 130 x 103 ohms for Rl will adequately cover the possi~le 

values of Rl to have the circuit meet output specificationso 

The maximum value of R2 is indet•:n·ml:nant s tnce the e f feet of increas-

ing R2 is to shunt more current thr,::>Ugh the. nc,,n tubcv It can be se-en that 

if Il is 2.5 ma. or less, R2 can be incre~sed lJithout bound and the current 

I2 will never ~xceed the output specification.. The minimu:n value of R2 is 

also indeterminate . In the uncompensated circuit a minimum va lu•! of R2 can 

20 



will not be a~ove the 135 volts necessary for firingo In the compens~ted 

circuf.t howeve~~ du2 to th~ very high d~irk r.eaistance of th~ cornt:H~ns~tion 

photoeonductor, the n~~on wi 11 fire f·~r 3ny •/t.J 1 ue of R2. The m<lignitude 

of Rl i. Has selected as an inlt:ial lo~o~er li.mit for R2 also~ An initial 
m n 

upper limit r)f 700 K ohms ~~as $e lectedo Subsequent experience showed 

h t f R' f 40 1 '\
3 530 1 J 3 h f,. . ' ' .. d t a_ a rl:\lnge o ... rom x {-' to x. • o,rJs ;w.ts su t1c tent to yle.i· 

the des i red design curv~s . 
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This sectlon d~al~ with the application of the design technique deve-

loped in Section ! ~.,:, the rH~on=photoconductor circuit which has be~~n pre= 

viou~ly d~~c-rihe:i .. 

" \ 
'-...__..... 

,~~, /"' 

""'T-

1 

l 

0 
I 

_, l· D f/! 
1' 

j 

J 
<..., 

. 
/ 

i 1 

1 

Figura 7 . 

The output quantity of interest is th'e 1 ight from neon number 2 o 

As previously noted~ the output is more easily e~prcssed as the currant 

through the ileon, an equally good measure of performance. The tf:!chuique 

first r~quirea an equation expressing th·~ output as ~. function of the 

other parameters. 

f 1 ~ rf. L 

r 

I 

' 1 
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I I I 1- ~ J; .( 

1 ' 

L\ .~ J l 

where 

}\ I . ./ 
~:: j \, r .... . ) 

" [_) I _;; Jl • / J ' --"'' 
/ 

t.. \. t 
. '' f- ) 

. 
" 1,_ 

1 

·.' ' l ( '•· ? I ) 

Then by tb~ qumdratie equation : 

If ~~ • 

4\ 

Iasp@ction of the co~ffici~nts A,B, and C shows that 81nc~ A ia 

always positive and C is alwayti negmtive (the maxim~ valu~ of V !1 100) 

tion to b~ solved with tb~ computer 18 

-1 · f 11 ... 
/A 

If th@ seeond ordar approxi~~tion for photoeonduetor re~i~tane® 16 

used: 

V' 

t2 i +- d. J . >-. . t - i J 
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•' 
·I 

/ 

[) := l J. ) "' j( j-

fl 'l 
/ ' .. '• 

t J' 
/1 I 
! ;;., "' ~' t 

e ,.J ) r 
I . 

·l 

The same quadratic fon'llul.:l must then h~ solved: 

! l 

/ 
) 1..-

l f I .,•. 
' 

I -
' ... 

\, 

/ 
/ : l, 

) ·" l 

In order to determine whether any of the known par.trnet•H' ~ fa 11 i.n-

to the ca t egory •Nhe r e only the mt11dmum and minimum valtu~~ need t.o b-e in-

va9t tsate d, pa rt ia 1 derivat i Vt'Hl of I2 wi t h re:1 pect to V, Z, .and T muntt 

be taken a nd checked to see if they .::u:e of constant sign. 

. .<! I -·· 
\'6 ( 

For the hype rbol i c ca~e: 

(Jl ) 
., lA 

/\ !!_ .. ; . 

lj r r.? r 
I/ J J 'i-5 J ~~ 

( 

~) r A 
] ) r ''"' 

' \ 

tJ 1 ~~ r 
0 1' 

~ 

.~ J ,\ 

~ I (IL 
·/ 

1' I I "' 
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or minus dependtns upon the 

, . ~' 

t ~ f -' "' 

The la~ge number of terms i n the 

") 
I 

expression mllk·~ it unwie ld l y 

and no n:snipulat ion which Hou ld e:stab li ::;h t h~ sign vf 
I 

sugge:::t::: 

itself. Therefore, the second epproach must be ~oed. The slope will be 

sssurroeod nt;guttve and the ''worst case" values of Rl~ R2, Tj z. and V wl1ich 

will tend to make the slope positive will be inserted. The expression with 

these values inserted is: 

A. -~ I ) . J PI 

I 
.n t ) •' 

I \ 
. ) 

•C, ~ ( ''7. <-' ' ) ,X • .r: ,' {I ) 

J i J :· I •. , 
'~ .> ' .., • {. j 

•:' 

,.· ( 

The expression evaluated is a + .0374.. A positive answut· shows that 

the initial !iss umpt ion of a negative siope :may be incorrect. The info~~1a-

tion gained from this test is not conclusive~ since it is improbabl~ that 

25 
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However! since a posltivc sl0pe was calculatedj the p~~si~istic ~lter-

c r ement s. A s i.mi lar \v:1rst ca~3e 11na lysis on _d ~ J._ leeds to the s~ur·e 

conc lusion. 

The variation of 12 with V will ~,e Lnvesti.gated next • 

(//-1 1 .J •.) ~. 

') I 

• I I\ 

.) 

.) j 

~ 

I 

,) • ) 

--
c) 

Since 
1 I) 
- and 
) 

t i ve as long as 

Since . 
~ 

:.') IJ 

. t 

r J /. 

I~ l I 2 J r~ \(' ... <. -; 
":"' !:!.___ 

' t ,) v ) \t 

,. ) 

( 

\. .. 

/ 

) ~ ) (I 

1. ) J ' ,) 

") 1\ 
~ 

\~ -~ ·; 

are always greater than zero u • will be nega­
,J ~ 

(/4 [J.. 'f I' 

I 
1 -: J B ~. d 

,, \ 
,.... 

; I• 

I • J 
I~ -' _, t·\ ) n 

• 
,:, 
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is true. Since 

negative, only u~e r'aximurn nnd minimum v<1 I ues of V are invest iga.ted. 

Hhen a similar analysis ,,f these partial derivatives is made using 

the more accurate second order approximation , it is found that 

d " / nnd all have possible changes in sign and 
) j ' ,_, 

there fore \<7hen this approxim<It ion is used all three parameters must be 

investigated 1&Sing increments. This condition is then one disadvantage 

to using the second order approximation. 

w~en it has been determined that a parameter must be investigated 

using increments, the magnitude of the increments must be chosen. As 

pointed out in Section 2, the number of increments selected is a com-

promise between accuracy and keeping the number of calculations reason-

able. The initial choice of increments was as follows: 

T = 25, 35, 45 , 55, 

z ·- • 4 j .9, 1. 4, 1. 9 , 2.5, 

v = 60, 100, for hyperbolic approximation, 

v = 60, 70, 80, 90, 100, for second order approximation, 

Rl = in 10 kilohm increments, 

R2 = in 20 kilohm increments. 

Plots made using these in~rements showed that parts of the range of 

Rl caused the value of R2 to increase rapidly with possible inaccuracy in 

the plot. The reason for this rapid increase is explained in Section 6~ 

To eliminate this possible inaccuracy the increments of Rl were altered 

so that in the questionable region the increments were taken much smaller 

(2 Kilohm increments). 

The problem has at this point been reduced to the solution of a 

quadrat ic equation with coefficients made up of the five parameters Rl, 

R2, T, Z and V. The equation is to be solved for all combi.nations of 

each of the increments of the five parameters~ 
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5. Digital Computer Program Technique 

The solution of a quadratic equation whose coeffic ients are func-

tions of five var iables and where the number of solu::tons is the product 

of the parameter increments is ideally suited to a digital computer. A 

parameter increment i s defined as the number of values that a variable 

wi 11 be assigned spanning its entire n:a.nge of variation. The nuMber of 

combinations of parameters to be examinerl in this case will be denoted by 

N where: 
•, ( 

Programming of a digital computer in machine language requires an 

elaborate and complex sequence of instructions to specify every step of 

an operation. \-lith the advent of the FORTRAN processor in late 1956, 

the intricacies of programming were no longer a stumbling block. Al-

though the FORTRAN system was developed by J. l.J . Backus at IBM, it has 

found universa l acceptance for all types of digital computers. The FORTRAN 

processor has made it possible for scientists and engineers to apply the 

language of ordinary mathematics to their individual problems. 

Quoting from a paper prepared by Backus and his associates, "The 

purpose of FORTRAN was to reduce by a large factor the task of preparing 

scientific problems for IBM's next large computer, the 704. If it were 

possible for the 704 to code problems for itself and produce as good pro-

grams as human coders (but wtthout the errors), it was clear that large 

benefits could be achieved. For it was known that about 2/3 of the cost 

of solving most scientific and engineering problems on large computers 

l-Ias that of problem preparation. Furthermore, more thnn 90 per cent of 

the elapsed time for a problem was usually devoted to planning, writing 

and debugging the program. In many cases the development of a general 

plan for solving a problem • .. m~ a small job in compar ison to the task of 
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of the ~ORTRAN pKojtct was to enable the programmar to specify a num­

erical procedure using a concise language like that of mathematics and 

obtain automatically from this specification an efficient 704 prog~~~ 

t o carry out the procedure. It was expected that such a system would 

reduce the coding and debugging task to less than one-fifth of the job 

it had been." 

FORTRAN (derived from formula translation) is a language that great­

ly resembles the language of ordinary mathematics$ Symbols such Bs, **, 

-:.\', I , + , -, in FORTRAN are digested as exponentiation, multipliet'lt.ron~ 

d iv isic:·n~ addltion, and subt raction. Nllth~n-.atical operations such as 

squa re roots , log~rithms, trigonom~tric And hype~bolic functionR are 

ava i t able in th~ comput ers librar y of routines and used ne·rely by re~ 

fcrencing t he appropriate operation by abbreviated name. 

The Control Data Corporation 1604 digital comput•.n· was m~rried to 

the FORTRAN plrtJC~ssor in late 1961. The results of t h·a merger produced 

a h igh speed computer that cou l d be conmaanded with rela t ive eLse. S•.Jc= 

cessfu l result s with FORTRAN programn1ing can best be ac.hievad by follow= 

ing the se basic rules in the order sho~m . 

1. Block diagram - (flow chart) 

2 . Mathematical and logical operti t:ions to be performed 

3. Transformation to FORTRAN language. 

An example of a basic flow chart for the so l ution of the quadratic 

equat ion 1JSing the hyperbola approximation is illus trated in figure 8ti 

The ide~ behind this program is to se~ the effect on th~ neon current as 

the t emperature changes for any one set of known and design rarameters. 
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The f iu,~,.r dHH't: irali cate~ the sequ.:nce of overat ions to b~ pet formed 

with alternatA ~aths lepandent on logical tests. Each block in the flow 

chart may represent a few calculations or logical interrogations. Es­

sentially the flow chart in figure 8 ~ystematically takes every possible 

combination of circuit parameters and tests the output current to see if 

it meets specifications. If a failure occurs the design parameter is 

altered and the calculations and logical tests are started over again. 

When the entire range of temperature variation has been investigated and 

yielded an acceptable circuit, the deaign and known parameter set which 

wa s responsible for the acceptable circuit for the entire tenpersture varia­

tion is recorded on magnetic tapeo In addition to the parameter set the 

variat ion in neon current is also placed on the magnetic tape. This pro­

cess continues with a n~~ parameter combination until all param~ter combin­

ations have been investigated. 

The mathematical calculations to be performed in the solution of a 

quadratic equation consist of evalueting the coefficients which are vari­

ables dependent upon the parameter set under consideration and then using 

the quadrat ic formula to evaluate the neon current. Since in the present 

problem the argument of the square root is always positive and greater 

than the coefficient B, only the positive root need be calculRted$ T~gi­

cal tests to be performed consist of determining accept~ble circuit designs 

by emp loying the given circuit specifications ~s test criteria. Other logi~ 

cal tests are used in determining maximum - minimum values and progr.1.m loop 

completions. 

The transformation from mathematical to FORTRAN statements is accom~ 

pli~hed next. Input to the 1604 digital computer can be by either punch­

ed cards or magnetic tapee Utilization of punche1 cards is superior at 

this time as cArds which are in error can be easily replaced. and addi= 

tions or deletions made as necessaryo The complete program in FORTRAN 
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appears as in figure 9~ Each line in the program represents a single 

punched IBM card. If this same program had been done in machine lan­

guage, these thirty odd FORTRAN c~rds would be replaced by about five 

hundred wachine language cards. 

If the FORTRAN program when placed in memot~ is complete and logi­

cal, the program will compile. If compilation is not accomplished an 

e rror printout will result ~ The error printout categorizes the errors 

that have escaped detection by the programmer and lists these errors by 

FORT RAN statement number. ~·Jhen the error is recognized a lteHlt ions to 

t he punched cards can easily be accomplished and the program compilation 

ret ried until successfuL Hriting output on magnetic tape is a separate 

entity from the computer proper and occurs simultaneously with computer 

ca l culations. The magnetic tape in turn is read out on an off line 

print er so as to conserve computer time. An example of the digital com­

puter printout as obtained from the off line printer appears as in figure 

10 . 

Pr ior to proceeding with these digital computer answers a mathemati­

cal check is required to see whether the problem is being solved correct­

ly. A desk calculator should be used rather than a slide rule to obtain 

enough significant figures for comparison purposes. When a calculator 

check ha s been made for one set of parameters and dependability of the 

computer program proven, then the accuracy of the remaining output can be 

re l ied upon . A similar FORTRAN program for the uncompensated neon photo­

conduc tor circuit is illustrated in figure 11 . This program is needed 

f or a comparison of its results with those of the compensated circuit. 
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PROGRAM BASIC .. 
D I MENS I 0 N V ( 3 ) , R 1 ( 1 0 ) ; ff2 ( 1 7 ) , T ( 4 ) , l ( 4 ) 

100 FORMAT(3F4.0) 
READ 100(V(Il 1 I=1,3l 

200 FORMAT (10F7.ul ,, 
R E AD 2 0 0 ( R 1 ( J ) , J = 1 , f 6/ l 

300 FORMAT ( 11F7.0) . 
READ .i00(R2(Kl,K=1,17)' 

400 FORMAT (4F3.0) 
READ 400 (T(L), L=1,4Y 

500 FORMAT (4F3.1) 
READ 500 (l(M),M=1,4) 
DO 16 I= 1, 3 
DO 15 M= 1, 4 
DO 14 J = 1 r.. 10 
DO 13 K= 1, 1 r 
CMIN1=3. 
CMAX 1 = 1 •. 
DO 12 L = 1, 4 
A= (R1(J)•R2(K)+2.11E3*Z(Ml•R2(Kl•EXPFI.0183•T(L)l)/1. E6 
E = 2.11E3•l(Ml*EXPF(.OIS:i3*T(L))•(V( 1)+(2.•R1(J) )/1.E3l+Vlil•Rl(J) 
F = 8.904E3•Z(Ml•ZlMl*EXPF(.0366*T(L))+R2(K)•(V(I)-~00.) 
B = (E+Fl/l.E3 
C = 4.22•Z(Ml*EXPFl.0183*T(lll•f.lV(Il-300.) 
CTWO = C-B+SQRTF((B•Bl-(4.•A•C)))/(2.•Al 
IF (CTW0-1.5) 13,13,8 

8 IF ( C T W0-2. 5 ) 9, 1 3, 1 3 
9 CMAX1=MAXIF(CMAX1,CTW0) 

CMIN1=MIN1F(CMIN1,CTWOl 
12 CONTINUE 

DELTA=CMAX1-CMIN1 . 
600 FORMAT(F5.0,2F13.0,F8.1,F13.5) 

WRITE OUTPUT TAPE 4,600,V(J),Rl(J),R2(k),Z(M),OELTA 
13 CONTINUE 
14 CONTINUE 
15 CONTINUE 
16 CONTINUE 

END FILE 4 
PAUSE 1 
END 
END 

60. 80.100. 
40000. 50000. 60000. 10000. 80000. 90000.100000.110000 . 120000 . 130 00 0. 
200000.220000.240000.260000.280000.300000.320000 .3400004 3600 0 0 .3~0 000.400000. 
420000.440000.460000.480000.500000.S20000. 
25.35.45.55. 
2.51.71.0 .4 

Fig. 9 



VM. R.1 R2. ~ l:>t"c.:'l'"A 
60. 11 00 (10 . /()1)()()() 0 ;> . ') .lin'-~')· ; 
60. 11 C!JOO . :?.!\1CJOO . :> r . . _) . ()•lfi·-•.1 
60. 11 (1(\00 . / IJ ,j ( I(}() 0 2 o Cj . n;~ Jr 
60. 11 UUOO . ?AUOOO . 2 0 l) .( ll~? lt 
60. 1 1 (}(!()(). ('r~f}(1()() . ;.> 0 !) . Q)i t L'r) 
60. 11 ()0 11 0 . ~l\('()(lf) 0 ? 0 ~) 0 c ')II Ul 
60 o I 11L1( '(l() . ~/(;(}()() 0 .') 0 5 . ()<)')~ It 
60. 1 1 (JOOr . :ilJ 1JU00 . ? . lj • o ·; ') ... n 
60. l 1 (: 0 (l (1 0 ~6()0()() 0 2 . '1 0 (I ! f, I ! 
60. 1 1 Q(lQ() 0 ~ .-( (.\) ()l) 0 ? .S . 0</f,f ) ) 
60. 1 I C CJ 0 0 • 4 n (. o no • ) r: 

- 0 J • u·;rt., uo 
60. 11 n or.o . !t ?f100fJ 0 ? . S • 0 "1 l Ol+ 

'P~oG~A~ 60. 11 GOOO . ltlj (){)[}() . ;.> r . ()· II )'> 0 _) 

60. 1 1 (j c () () 0 4 I, lJ (l (l () • ? 0 s . ()!(4•i 
60. 1 1 u ( ~ 0 0 0 4 Hl)000 . ; · 0 ':l • 0 '17 ~t) 

BA5\C 60. 11 0000 . SLiUOl iO . ? 0 .., o (17 ( 7 It 
60. 11 000() . 5?1'J()(1() . ? 0 c; • 0.) (t~{) 

60. 1? o tJ n l.' . ?OuOOC· . ~ 0 ~ • C1 7 )/) (, 
60. 12 00 (HJ . 21' l.;(J 00 0 ~ .s . (!7C., ')·) 
60. 17 UOOll . 2 1t rH) ()(J • ') 0 ( ) . 0 7( ()( 
60. 1 tJ () l1 () () 0 ?llf ~ n oo. ? 0 f) .()( 11,/? 
60. 12 0f'OO . 2 '1 

( 0 Q\) 0 ?. . S . 0791 .~ 
60. 1 /()()()() 0 ~Ct•llOO . I . 5 • CJ 7')(\ 7 
60. 1 2 0 00 (; . 3 ~ u o on • .? • ':l • n }\ n L1 1 
60. 120()()(1 . )l.1COOU . ? 0 ( ) . Od0') 1 
60. 1 LlJ0 0P . ~ () \)i) ()() 0 2 . 5 . 1)') 1 :)'1 
60. 12C COCJ . 'it ~ fJ OOO . 2 . ') . ()(1 1{11 
61). 12000 () . 4 0t J00U. ? r: 0 ) • 0 ,'l '? () r) 
60. 1200 00 . 4211000 . ? . 5 0 0 ;~ ? -~ () 
60. 1 20()00 . 4L OOOO . ? . ~ • 0 1/rd 
6 0 . 1? 00 00 . ~~ 6! )(J 0 (} 0 2 0 s . ()H 2 (~ 
6 0 . 1 2 0 ( J() () 0 I~ ;;~()()()() . 2 0 ~) . ()~/-!() 

60. 1/ 0000 . suuooo . 2 .1) .() H~(I!) 

60. 12 000() . r:, ? Ci o on • ? . S • 0 K ~ 1.'1 
60. l 3 JCI~O . ~oCCJOO . ? 0 

r . 06))7 ) 

60. I -~(;\)I J (l 0 ~ ilOO Od . ? 0 [j 0 I) /J ·') -i () 
60. 1.:S0 0 1lll. 40 00 00 0 2 0 

1
l . () ( ()'). / 

60. 1 .1 (iU 1) t) 0 ~~ 1 uoo;J • '? 0 ') . u 7 n f> ~~ 
60. 1 3lJ 0 (j f) 0 41r COUl) . ') 1-

0 _) . ()(()(Q 
I " , 7 " r, " '"" 1. 1 ""rl n''"' ., r "7 ' ,, (\ 

Fig. 10 



PROGRAM COt-1PA 

1 
O O ~ 6 ~ ~ ~ f l ~ ~ 4 

~ 6 y ) , R ~ It ( II! 0 ) , R 2 ( 1 7 ) , T ( !1 ) , l ( 4 ) 

REJ\0 100(V{J) 1 l = ~ 1,,3) 
200 FORMAT ( IOF7.u) . . 

REI\0 200 CR1LJ), J=1,10) 
300 FORfvlAT C11Ff.O) 1

' 
READ 3 0 0 ( R 2 ( K ) , K =.l, .17 ) 

4 0 0 F 0 R fvl A T ( 4 F .3 • 0 ) I • 

READ 400 ( T ( L), L=i1 , ,4.) 
50 0 F 0 R ,., 1\ T ( 4 F .-s • 1 ) ' I 

READ 500 (l(M),M~ 1,4) 
DO 16 I= 1, 3 ' 
DO 15 M= 1, 4 

88 l ~ ~= 1' 1; 1 0 

CMIN1=3. 
CMAX1=1. 
DO 12 L = 1, 4 

0 C T W 0 =· ( ( 3 0 0 • - V ( I ) ) I ( I{ 1 ( J ) + 2 • I I E .1 u l ( M l * E X P F ( • 0 1 ~ l 3 * T ( L ) ) ) - ( V I l ) I 
1R2CK)))•I.E3 

I F ( C T W 0- 1 • 5 ) 1 3, I 3, 0 
8 IF lCTW0-2.5)9, 13,13 
9 CMAX1=MAX1FCCMAXI,CTWO) 

CMIN1=MlN1FlCMINI,CTWOl 
12 CONTINUE 

DELTA=CMAX1-CMIN1 
600 FORMATCF5.0,2FI3.0,F8.l,F13.5) 

WRITE OUTPUT TAPE 4,600,Vl I) ,R l(J) ,R2(K) ,Z(fv'd ,D ELTA 
13 CONTINUI: 
14 CONTINUE 
15 CONTINUE 
16 CONTINUE 

END FlU- 4 
PAUSE: 1 
END 
END 

60. 80.100. 
40000. 50000. 60000. 70000. 80000 . 90000.100000.110000.120000.130000. 

200000.220000.240000.260000.2 8 000 0 .300000.3?0000.340000.360000.380000.400000. 
420000.440000.460000.480000.50000 0.520000. 
2.51.71.0 .4 . 

Fig . 11 



'lint ages 

0 f the d igita 1 computt!t' in eo~a ht<'ilt i.ng circuits which hsve !<no·~n pa:La= 

meters of the type r~quirir 6 incremental analysise The flo~ chart of 

the main program cal!I~<C.l neon or light which uses the hyperbola or second 

order approximation is illustrated in figure 12. Here again every possi= 

ble combination of circuit parameters ar~ systematically tested to deter­

mine if they meet specificationso With each set of design parameters 

the known parameters requiring increments are combined in every possible 

manner. If every combination of these incremental known parameters pass­

es all logic tests with one set of design parameters, then this combina­

tion of design parameters is recorded on magnetic tape along with the 

maximum and minimum n~cn current for the particular voltage. This signi= 

fies that the present design parameters being considered hava produced a 

circuit which has successfully rasse.J all of the logic tests for the unD 

predf ctable known parameters Z and T. Th~ FORTRAN pt·ograms for neon and 

light are depicted in figures 13 and 14. 

Each set of output date in figure 15 is a successful design combina­

tion . In other words for d neon tube maintaining voltage of 60 volts, 

a serie~ rasistance of 90 K ohmsj and a shunt ~esistance of 200 K ohms 1 

the neon current will only vary bet\>l•:!en 2.32941• s~d 2.01816 mill.iampere:s 

for the hyperbola approxJm::ttion and between 2.32938 and 2.01802 millamper­

es for the second order approximation& This variation in neon current in­

cludes any variation in the characteristics of the photoconductor due to 

temperature or light intenslty within the assumed possible limits. Th~ 

last two columns of the output data, maximum and minL'num ne:cn currents for 

the chosen design parameters, have no immediflt~ u~e in the synthesis of 

the ~lrcuit. Since these curr~nts had to be calculated to evaluate the 

success of the cit'cuit., it wa~ an ea;;y task to store them in mt'!utO!"J ctnd 

print out the ma;d.m•.Fil :tnd minl.mu1n values for each d~s i6n p~ r!!wtat~r set" 

36 



I 

SET 

v = v + l 

SE T 

Rl = R1 + 1 

SE T 

z = z ~ l 

I 

i 

' 

U.TEI{ 

(\ - HJ PUT &. lJUTI'U T r UfH 1A TC> 

0 - 1'/IIIM:ETll! VAfl!IIOLE'.J - I NI' UT OAT I\ 

'I 

I 

I 
SET VU LT1\GE TO ! NlT! fi L VA LUE 

, I 

I SET R1 TG INITIAL VALUE 

, I 

l SET f12 TO INIT!fiL VALUE 

L 
I 

SET ENAX &. CMIN TO OUTS IDE VfiLUES 

I 
I 

SET Z TO I N!Ti i\L VALUE 

... I 
I 

CALEULATE OU TPUT CURRENT (ETl) 

FOH 1 s t TE I'if'Ef1A TURE 

I 
15 CIHEUIT AECEPTAB LE? 

YE S I NO I 

CALCULATE OUTPUT CU RREN T ( ET N) 

FOR N th TEH I'EI<ATUH E 

I 
IS EIRCUIT AECEPTfiOLE ? 

YES I NO 

I STO RE ~ IAXCT &. ~1 1 NE T 

I 
IS ( 11f,XET - MI NE T) ~CCEPTAOLE7 

YES I NO 

RE TAI N t11\X OF MAXS &. mN OF MI NS 

I 
HAVE ALL Z IN Ef1 OE EN Tf1 IE07 

NO I YES 

iiH I TE OUTPUT i·1AGNE T I C T fi PE 

V, Ill, R2, CM.>.X, EMIN 

I 
HI\VE ALL f12 INER OEEN 

YES I 
HfiVE ALL f1 1 I NER BEEN 

NO I '.'ES 

HAVE ALL V HJCf1 OEEN 

J NO 

I 
I YES 

PI!UGRAH EIJO 

Fig. 12 
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PROGRAM NEON 
DIMENSION V(3),RJ(21),R2(34),Z(5) 

100 FORMAT(3F4.0) 
READ 100(V(I),I=1,3) 

200 FORMAT (11F7.0) 
READ 200 (RJ(J),J=1,21) 
READ 200 (R2(K),K=1,34) 

500 FORMAT (5F3.1) 
READ 500 (Z(M),M=1,5) 
DO 16 I= 1, 3 
DO 15 J=1,21 
DO 14 K= 1, 34 
CMIN1=3. 
CMAX1=1. 
DO 13 M= 1 , 5 
A1=(R1(J)•R2(K)+2.1 1E3•Z(M)•R2(K)•EXPF(.4575))/1.E6 
E 1 =2. 11 E: 3• Z ( M ) * E XP F ( • 4 57 5 ) * ( V ( I ) + ( 2. • R 1 ( J) ) /1 • E .1 ) + V ( 1 ) • R 1 ( J ) 
F1=8.904E3•Z(M)•Z(M)•EXPF(.9150)+R2(K)•(V(I)-300.) 
B 1 = ( E 1 +F 1 ) /1 • E 3 
C1=4.22•Z(M)•EXPF(.4575)•(V( I)-300.) 
CT1=(-B1+SQRTF((B1•B1)-(4.•A1•C1)))/(2.•A1) 
IF(CT1-1.5) 14,4,4 

4 1F(CT1-2.5) 5 5,14 
5 A2=(R1(J)•R2(K)+2.1 1E3•Z(M)•R2(K)•EXPF(.6405))/1.E6 

E2 =2. 11 E 3• Z ( M) * E XP F ( • 6 40 5) • ( V ( I ) + ( 2. • R 1 ( J) ) I 1. E 3) + V ( I ) •R 1 ( J ) 
F2=8.904E3•Z(M)•Z(M)•EXPF( 1.281 )+R2(K)•(V( I )-300.) 
B2=(E2+F2)11.E:3 
C2=4.22•Z(M)•EXPF(.6405)•(V(I)-300.) 
CT2=(-B2+SQRTF((B2•B2)-(4.•A2•C2)))1(2.•A2) 
IF ( C T 2- I • 5 ) 1 4 , 6 , 6 

~ !~!r~f(3;~~2(~~r2~~1E3•Z(M)•R2(K)•EXPF(.8235))11.E6 
E 3= 2. 1 1 E 3• Z ( M) * E XP F ( • 8 23 5) • ( V ( I ) + ( 2 ~ • R 1 ( J) ) I 1 • E 3 ) + V ( I ) •R 1 ( J ) 
F3=8.904E3•Z(M)•Z(M)•EXPF(1.647)+R2(K)•(V(I)-300.) 
B3=(E3+F3)/1.E3 . 
C3=4.22•Z(M)•EXPF(.8235)•(V(I)-300.) 
CT3=(-B3+SQRTF((B3•B3)-(4.•A3•C3)))1(2.•A3) 
IF(CT3-1.5) 141~,8 

8 IF ( C T 3- 2. 5 ) 9, "', 14 
9 A4=(Rl(J)•R2(K)+2.11E3•Z(M)•R2(K)•EXPF( 1.0065) )11.E6 

E4=2.11E3•Z(M)•EXPF( 1.006'))•(V( I ).+(2.•R 1 (J) )11.E3)+V( I )•R1 (J) 
F4=8.904E3•Z(M)•Z(M)•EXPF(2.013)+R2(K)•(V(I )-300.) 
B4=(E4+F4)/1.1:3 
C4=4.22•Z(M)•EXPF( 1.0065)•(V( I )-300.) 
CT4=(-B4+SQRTF((B4•04)-(4.•A4•C4)))1(2.•A4) 
IF ( C T 4- 1 • 5) 1 4, 1 0, 1 0 

1~ t~l~~~A~i~~c~}:~~2~~T3,CT4> 
CMIN=MIN1F(CT1,CT2,CT3,CT4) 
DELTA=CMAA-CMIN 
IF(OELTA-.15) 12,12,14 

12 CMAX1~MAX1F(CMAA,CMAX1) 
CMIN1=MIN1F(CMIN,CMIN1) 

13 CONTINUE 
600 FORMAT(F6.0,2F13.0,2F13.5) 

WRITE OUTPUT TAPE 4,600, V(l1~R1(J),R2(K),CMAX1,CMINJ 
14 CONTINUE 
15 CONTINUE 
16 CONTINUE 

END FILE 4 
PAUSE 1 
END 
END 

60. 80.100. 
40000. 50000. 60000. 10000. 75000-. ·BOOOO. 82 000. 84 00 0. 86000. 8UOOO. 90 000 , 
92000. 94000. 96000. 98000.100000~105000. 110000.115000.120000.130000. 
40000. 60000. 80000.100000.120000.140000.160000.180000.200000.220000.240000. 

260000.280000.300000.320000.340000-.360000.380000.400000.420000.440000.460000. 
480000.500000.520000.540000.560000~580000.600000.620000.640000.660000.680000. 
700000. . 

.4 .91.41.92.5 

F ig . 13 



PROtJRAM l I GI-ll 
0 I Mt:NS I ON VI ~) I, 1~ 1 I ? I I, IU I 31• I , L. I 5 I 

1 0 0 F 0 R M A I I S r 11 • 0 I 
Rl:AU 100 lVIII, 1= 1, ')1 

?00 FOR M f\ T I 1 IF I. 0 I 
RFALl ?00 IRIIJI,J=1,2 11 
REAU 200 IR21KI, K=1,j~l 

500 FORMAT 15F~. II 
R f A 0 'J 0 0 I l I M I , M = I , ') I 
0016 1=1,5 
00 15 J= 1, 2 I 
00 14 K= 1, 34 
CMI N 1=3. 
CMAX1=1. 
DO 1 -~ M= 1, 5 

0 A 1 = / • 1 1 * l I M ) * E X P F ( • 4 5 ( 5 I * I 1 • 4 ? * R 2 I K ) t ') ) 0 • 2 * I I r-i I n- 1: X P f I • ~~ 5 7 5 I .- • ? ~ 1 1 H 
1 * R 1 I J ) ) + 1 • 4 2 • H 1 I J ) * R 2 I K I I I • r- ~ 

E 1 = ~ 7 9 5 • 6 * Z I 1"1 l * E X P r I • lt 5 ( 5 l * I K 1 I J I I 1 • E -~ + 2 • 1 I * Z I M I * t X f-l F I • 4 ~ 7 5 I - I 3 0 0 • 
1-V I I ) I 15. 2 7 5 I-R II J ) * R 2 I K I I I • t 1 

f 1 = 2. I 1 * Z I M I tt· EX P F- I • 4 'J 7 ':> I *I I • 4 2 E 1* V ( I I- R 2 I K I I + I • 4 2 *I VI I I * R 1 I J I- i 0 0. 
1•R21Kl+V( ll*R21Kil 

R 1 =·t:. 1 + F 1 
C 1 = l I M l *EX P F I • 4 57') I * I ? I --IS. 6* I VI I I- 3 0 0. I -?.. 1 1 f: 5 * 

1 VI I l I + I 3 0 0.- V I I I l * R 2 I K I-V 1, J, I * R 1 I J I 
C T 1 = I-H 1 t S Q R f F I I 1\ I* R 1 I- I 4. 11: t \ I* C 1 I I l I I 2. *A 1 I 
lriCT1-1.5l 14,4,4 

4 IF!CT1-2.Sl 5,5,11~ 
5 A 2 = 2 • 1 1 * l I M ) * 1::- X P f- I • (' I~ 0 ') I * I 1 • l.t 2 * R 2 I K I + 5 3 0 • 2 * I I H I * 1: X P r I • 6 I• 0 ') ) + • 2 ') 1 1 8 

1 * R 1 I J ) ) t 1 • 4 2 * R 1 I J ) * R ? I K ) I I ~·t! ~ 
E 2 = 2 /9 5 • 6 * l I M ) * t- X P r I • 611 0 'J I * I R 1 I J ) I 1 • F 3 t 2. 1 1 * Z I M I *EX IJ F I • 61~ 0 5 I - I 3 0 0. 

1-VI1 ll15.275l-R11Jl*R 21KII1~E3 
F 2 = 2 • 1 1 * Z I M I * EX P F I • 61t 0 5 l * I 1 • 4 2 t .3 n- V ( I I - R 2 I K l I + I • 4 2 * I V I 1 I * R 1 I J I- 3 Ll 0. 

1 •R2 I K l +VI I I •R2 It<. I l 
H2=t2+F2 
C2=l IMl•EXPFI .61~05)*1 ?795.6* lVI I 1-500. l-2.11f: 5* 

1 VI I l l +I 300. -VI I I I *K 2 I K l- VI I I *R 1 I J) 
CT2=1-H2+SQKTFI IH ?~tB21-IIt.*/\2*C21) lll?.~tA2l 
IFICT2-1.51 14,6, 6 . 

6 I F I C. T 2- 2 • 5 I 7 , 7 , 11~ · 
7 A3=2. 11 *Z I M l * EXPF I.~? 35 I* I 1 .IJ'2*R 2 I K I +530. 2* l ( r--1 I* EXPt= I. K2 31) It. 2S I I H 

1 * R 1 I J I I t 1 • 4 2 * R 1 I J l * R 2 I K I I 1 • t- ~1 
E: 3= i' 7~J 5 • 6 * l I M l *EX P t= I • i3 2 Y) I * I R 1 ( J l 11 • E 3 + ~. I 1 * Z I ~1 I *EX P f I • 13 2 3 S I- I 3 0 0. 

1-VI I l 115.275)-R 1 (J) *R211< 11 1.[ ~ 
F 3 =? • 1 1 * l I M I * 1: X 1-' r I • M 2 Y:i l til. d1 /~ 2;~ .3 * V I i l - R 2 I K l l + I • 4 2 * I V I I I * R 1 I J I-3 0 0. 

1•R2(K)+VIIl•R21Kl) . 
83=1:5+f3 
C:3 = l ( M I *EX P r I • 8 2 3 5 ) * I ?. ·r·J fi • (JII. I V I I l - 3 0 0 • I - 2 • 1 I f -~ * 

1 V ( I l I + { 3 0 0 • - V { I. I I * R 2 I K l - V I ~ 1 l * K 1 I J l 
C r 3 = { - H 5 t S Q R T P { { H 3 * H 3 I - .. ( • /1 •• ,,.. 1\ ·s .~ C .~ ) ) I I { '? • * l'd I 
1FIC.T3-1.5l 1~,8, ~ 

8 IFICT3-2.51 9,9, 14 
Q A 4 = 2 • 1 1 * l ( M I * t X P F I 1 • 0 0 h ~ ll * ,( -I • 4? *I~ 2 I K I t S .3 0. 2 II l { M I *EX P 1-- { 1 • 0 0 6 '> I t- • 2 'J 1 1 d 

1 * R 1 { j ) ) + 1 • 4 2 * R. 1 { J I II- ~~ 2 I K I I I • I J I • 

f: 4 = 2 7 9 5 • 6 * l { M ) * £ X P F { 1 • 0 0 6 ~ •I '* ( R l { .J I I 1 • 1: 3 + 2 • 1 1 * Z I •'-' I * t: X P F { 1 • 0 0 6 5 ) - { -~ 0 
1 O.-V{Illi5.2731-R1{J)* R21K~/J.t3 

r 4 = 2 • 1 1 * z 1 M 1 * Ex P F 1 1 • o o 6 ') 1 ,,.u • 4 2 t: -~ * v 1 1 1 - R 2 1 K 1 1 + 1 • 4 2 * 1 v 1 1 1 * 
1Rl{JI-300.•R2{K)+V(fiJ•R£'{.KH ' ' 

l:-\4=f4+F4 • J • 

C4=l !Ml*EXPF{ 1.00651*{27t,;'i. 6 *1VI l 1-300. l-2.11 f:3~~: 
1 V { I ) I + { j 0 0. - V I I ) ) 11-R 2· I K I - V ( I I * R I I J ) 

C T 4 = { - R 4 + S Q R T F ( I H 1, * 8 4 ) - { 4 • * 1\ 4 *,t I• ) ) I I { 2 • •I\ 4 ) 
1 1- 1 c r 4- 1 • 5 1 1 4 , 1 o , HJ ·• • · 

1 0 1 F- { C T 11- 2. ~ l I 1 , I 1 , 1 ~4 
11 CMAA=MAXIFICTI,CT ?,CT~,CT4) 

CMIN=MIN1FICT1,C T?,CT5~Cr41 
D~LrA:CMAA-CMIN ' 
IFI DEL fA-.1':>1 12, 1?, 1.4 

12 CMAXI=MAXIFICMA/\, CM/\X'l'l 
C M I N 1 = M 1 N 1 F I C M I N , C M I N f') 

13 CONTINUE 
6 0 0 F 0 R M A T { F 4 • 0 , 2 F 1 . ~ • 0 , 2 f I .:S • ') l 

WRITE OUTPUT TAP t: 4, 600, V{li, RIIJ ),R2{KI, U ·l /\X1,CMI N I 
14 CONTl NU I: 
15 CONTINUE 
16 CONTINUE 

END FILl: 4 
PAUSI: 1 
END 
END 

Fig . 14 
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These lN:tXiTH1Ji1 .:H•..:! •LdU····..1!iJ neon t\'utr~nts .-~.:.; h.:1ve valu~ fen: the ~n~lly._,t 

aft~~ the des f.gn ha;; h~e~1 chO$imr~ .an1d ;1} l that re1;l~1in~ is th~ <l~termtna~ 

tion of the ra.rticul.lr matnt~ining voltage in any one circuit~ This will 

be of immediate ~s·.: pt-ovid::!d that th,;; '1eon tube voltage is close to on~ 

of the increments of voltage us~J in the digital compute:r program; in 

other ~ases, iPterpolation is reqJ~redG 

The dlJltal computer program which is flo~ charteJ iL figure 12 and 

represented in FORTY\'N statements in figura 13 has a computer running time 

of 8 minutes and 30 secondsa This output data stlll requires lnterpret,­

tion, evaluation and presentation in a useable manner before it can be 

considered as a true design asset~ 
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6. -~ j 

55 o C. ~-Jith these three assu npt ion~ t\'J'O circuits wi 11 b.~ cons i.::lered, one 

The pr i.nto•Jt fot· the 1:ot 'f.Cm:nted and uncm:1pensated circuits are shmm in 

fi.gu'iC'e 16. Th~se :.:~o 1--rtntouts are of th::> sarr;e foln.c!t: :1s the m.~in program 

temperature variations. 

A plot of the J~.::d .. 3n pargmeters R2 versus Rl) which meet o•Jtput 

is constructed for both the compensat~J and ~ncoh~ansated photoconduct or 

circuits. These plots ar2 f igures 17 and 18 respect1v~ly . The uncom-

p~nGated phutocond<1ctor c i rcuL: ha.; n :ni~·yi..·1lum value of shun t re s l~t:mce. 

Thi s constraint is broJght abo~t ty the physi~al rcquircmant of a suf-

f ic ient v0ltage dr.Jp across th~ ;:;hunt res istao.ce to fire. the n~!.m tub~ .. 

The comp9ns£ted photacondu~tor circuit has a dar~ photocondu~tive re-

sist anc~ ln se~ies with the shunt reststsnce prior to ficin~ wh1ch ~s in 
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-e in each i: lot in ol.:.i~r t , obs.:~rv, the 

u1lent due only to t~pcrature variations. 

The s e nw. bcJ:s 'td.,thi1 tJ,,.,"' artc,-8' tertes~tlt the difference bct\o.'·e~n the maximurn 

and mi nimu;n rH!0n «: td·telf't i.n mllli.an.pet-es for that particular set of design 

parameters ( Rl an1 R2). A comparison of the t \ JO plots reveals thRt compen -

sation is actually achi~ved by insettion of the shunt photoconductor. A 

second conclusion that can readily be made is that for a particular value of 

Rl in the uncompensated area plot the variation in current is const.llnt and 

indepe ndent of the va.lue of the shunt resistance R2. This constant value 

is also the limitlng valo..:! Hhich the compensated area plot approaches as 

the shunt resistance b~cc;mes tnfinite . Analyticn.lly this last result 

could have been fureseen s i nee tor la r5e va lu,~s c f shunt res istancc the 

effect of t he corrpensating photoconductor on th~ total series resi s tance 

diminishe s a nd eventually approaches zero . This simple neon ph(.1toconductor 

circuit will be employed later i~ this section as an illustrative example 

of best design procedqre . 

The digi ta 1 C(Hliputer printout of the rna in program whether it is the 

hyperbo lic or "second ordP.r'' approxiMation is of the s~me fo r mat (See 

Figure 15 for priPtout forrrat). For each value of series resistance Rl~ 

those va lua.s of shu11t rcsis:tFif;CC F2 which mark the upper and lor,•er 1 in1its 

of succes sful circuit co~~btnations in the printout are plotted on graph 

paper producing areas. I~ the cnsi! of the hyperbola only two of these 

plots are nece~sary, onC' for th~ lowest maJ.ntaini.ng voltage encountere:.J 

' '1 
a nd one for the highest n.ainta.ini.ng voltage since --~ .. ·~ is always nega-

] , ~ 

t i ve . The ''second ord~x ;• an·roxil1at ion express ton i£ I'1ore invo 1 ved and 

it cannot be math~~atic~1ly proven to h~ve a neg~tive . q r.~ 
.+ 'v 

for all 

design sets t.o be consid·~.r:.~d. In thls case increments of maint<dning 

voltage 'HerE: used ir ·~~ .. ~ Hgi.t8l cor1 put•~r progt';)m anJ ss many plots ~s 
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approximations the resulting ar~as) whether two a~ in the case of the 

hyperbcla or wany as in the secon; 0rder, can now be overlapped to pru-

duce a fiT's 1 a rea vTh.ich is cow.nnon to d 11 of the ir1di vidua 1 areas. This 

final area if it exists has satisf' 1 ed t!.U of the restricti.ons h:;posed ')n 

temperature, Z, rna intalning vo 1 tage and outr ut i1€Hm cur.re!lt. The r·esu ltant 

area for the hyperbolic approximation is shown in figure 20. 

In order to observe the effects of rror~ restrlctive specifications, 

the printout data of both the hyperhola and ''second orde;r" approxintat ions 

wns plotted using those upper and lower limits of the shunt resistance 

that yielded an output reon current betwe~~ 1.8 and 2.2 mil l i amperes. 

After hav ing plotted the individual area plots~ the overlarping pruceclu1e 

was employed to f Ln.:! tha COir- •• on ar-ea. A comrHcJn ~-.reli i.s non~exist~nt. If 

this sreciftcation of output current had been used vice 1.5 - 2.5 ~~iltl-

~nperes, then the absoncc of gn area indicates that there is no ~esign par a­

meter comb in~tion that is satisfactory for the entire rnaintsining voltage 

range. 

The ~mount of compzn.s3t ion effected can b2 se~n bJ· t:t11a lysis of the 

difference tn m;:t:dtm.tm and min \mm.1 n•;o'i currents due only to te:rtp2retnt·e 

variations. Refer to the 51mpl.e et<~tn.plc menticned previously where the 

maintaining voltage was fix-ed at 60 volts and para~eter Z fixed at 2.5 

(See fig '.llte 17). The mapped points in the interio~.: of the :!!'ea plot in 

figure 17 repr~sent the di.ffer2ncf~ betwc;~n the ma;dmuHt and mi.nbmm :neon 

currents in milliAmperes due solely to temperature variation for thnt 

part icu la r set of design para . . cters (Fl .:md R2). Inspect ion of. the plot 
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st. 1,, 

davfaticn J~ to te r~ratur~ h~s its s~~llest value ~b!~ ~2 takes or its 

are t rue for c•ther sin.iL:n: plots. Io ~e~ the overall effe~t on tr.t: nain 

progran1 fot the hyper.bo la cmd 11 ~~cond or del:"'' approxili~&t ions~ the di ffer2nce 

in neon cu1rents due to te:mrcrat: .tre variation~ (cnlled delta ln tlva cmhrl.ltet· 

progt'am) •or~as t'estricted to first .015 em~ then .010 ndlUa.mp.ares. 'Ihe re­

sul t ant ate.1 F lots for the hyperl-ola without deltti and w-ith delta equal to 

. 0 15 are! shown in figure 21. \Jith the program rer.un using deHa of .010, 

a resultant area did not exist. A con~parison of the final ir.U~a cunr~s 1,o1ith 

and "Ydthout delta reveals that the left edge of the resultant ~rcas which 

employed the delta r-estt"iction are moved fur·ther to t he right, ~rhere as 

the right eige is unaltered. 

Th e t't!~ul tant area ( •.rrves ~ sine~ th~y are in effect the common ar~:a 

o f the i ndi"riJua 1 !.U."e.a s 11 cannot be mapped for t h e variation in neon C'Jrrent s. 

Any poin t in the resultant area rr.cets all of t he sperifications that were. 

required and ls a good design set. To determine the best part of th~ fin~l 

design <lrea ·~e will resort to induc t i ve reasoninga In inductiv~ reasonin,g, 

a set of individu:a 1 cr. ... ses is studied by t h e e xpcrime nta 1 method, and from 

the obse. rva.t ions rr.ade , a genera 1 princf.p le is formed. The princ tp le fotined 

by induc t ive reasoning is reliable only when all possible ins tances have 

been examined. !n the i.ndivi.:lual 11reas, the mapping procedure result.ccl in 

t he conclusions that the best design set would be the smallest value of R2 

and the largest value of Rl that fell within the p1otted area. Applying in~ 

ductive reasoning to this infortMtion, the best set in the rt:sult~nt <?tea 

curve is also the !jmallest value of PZ ancl the largest value or RL Consi1er 

ation also has t~) be given to the vcniat.ir-·n in the desf.gn pat·lwiet:e.rs Rl and 

~() 
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R2. t:t • 

design set. Rl 11· 1 R2 l':l.y h<!Je to~erances thr~r'1se:lves of froP"l 5 to 10 r)er 

cent of thdir no~inal value, hence some point that could ba the center of 

a circle -v:hose radius is the resistance tolerance and where the circle fell 

entirely within the resultant area at the lowest part, ,,~ould be the best 

design set. 

The resultant area curves of the hyperbola and second order approxima­

tions are almost identical in position and shape& Minor variations in shape 

can be attributed to the plotting of the individual computer incremental out­

put data. As an example of this problem in plotting consider a design in­

crement change of 2 kohms in Rl '"here the value of the design parameter re­

sulted in a successful circuit prior to the increment change, but failed 

after the increment change. Theoretically then the plotted curve could pass 

through the first point and it also could pass through any point to the right 

of this original pnint up to but not including the value of the original 

point plus the increment. Here then is another fa~tor in considering the 

number of design sets to be investigated versus computer time. This factor 

should not carry too much ~eight since in the final design, the designer 

will pick a point somewhat removed from the actual boundary curve itself. 

The resultant sreas as obt.ained by the two approxima.tf.ons should be the sae11e 

for large values of R2, The difference is noticeable where R2 is ~80 kohms 

or less. In this ra~ge of R2 compensation is mor~ effective and the second 

order area is a more accurate represents.tion. Hm-rever, in the finsl analysis 

the differences between the two approximations prove to be very minor. 

Returning to fi.gure J"'? •vhere the voltage is fixed at 60 volts and Z is 

2.5, it appears that R2 _..,_ c...J. at Rl = 83 kilohms . The digital computer 

printcut data when plotted reveals thnt the lower curve is in effect the 

locus of combinatior.s of RI and P2 which result in neon currents of 1.5 
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mill u-·. 1 

curves -wet~e obta ineJ by us ir.g inc;t ~".- r·.~l!ta 1 v.1 lues of design ptn·ameters • 
., 

The syGterr e~Jat ion wh .... ch was of the form Ar t Bl: + C = 0 was 

solved expHcitly on the dit;ital tOrtlp•tter for r
2 

as B func-tion of five 

parame teres. If the system eq~atlon is rewritten so as to exrress R2 as 

a funct ion of the remaining parameteres, the result using the hyperbola 

approximat ion wou 1·! h~: 

f 

Us ing A neon current of 2.5 rnilliarrperes, a voltage of 60 volts, a 

Z of 2. 5 and a mean temperature of 40°C, the value of Rl to make the de -

nomina tor of the equation zero is as kohms. Using this equation similar 

results coul d be predirted for other maintaining voltages, namely that in 

the p l ot o f design paraneter R2 versus design parameter Rl there are values 

of Rl where R2 goes to infinity. Since the resultant area is constructe d 

from t he i ndividu~l ares plots we cannot exrect to have a closed resultant 

de sign area plot. 

The ins ight gained from the interpretation of the digital cowputer data 

for the c ircuit synthesiE r r oblem revealed that the constructed boundary line s 

are in essence locii of constant neon currents, namely the extremes of the 

specified neon current limits of 1.5 an~ 2 . 5 milliamperes . This suggests an 

alterna te t echnique for solving the circuit synthesis problem. Thi s alter-

nate technique lends itself to solution using an analogue computer. 
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Th::! tecl'nif"~ue to be l:;;'!<tph,yed with the analogue cort:!uter parallel s the 

deve lopment of th~ digital computer technique to a certain extent. Kn own 

and desigtt parameters are as defined previ.ously. The resultant circui t 

equat ion is manipulated to express cne design parnreete r explicitly as a 

funct ion of the remaining design and knmm parameters. Increments of the 

known parameters and end points of the known rarameters ~re deterrnine.J as 

in the dig ita 1 coMputer technique, The (.!Xp 1 ici. t circuit equ:tt ion is then 

converted into an electronic anal ogue. The electronic analogue computer is 

set up so that its equations have the same ma t hemat ica 1 form a s the e<1uat ion 

for the physical system under consideration. In the computer, voltages are 

used to represent various physical quanti t i e s such as velocity, position , e tc. 

Scaling factors are use1 to convert the phys ical quantiti es into approp~iate 

nurrcr ica l values in the computer. The mathematica l function s of addition , 

multiplication, e t c., are performed by electronic ope rational .s.mplificrs 

using s cs le1 voltages as input s . 

Large va riat: itms in kno\.'!l p<:' r ttr.etct·s can be re.;.1di ly un1art~'ken pn.., .. id­

eJ the r~nga tn vnri~tiov is considered Juring the sc~ling precess. Incrc­

mental changes in th~ kno1m parameters ar~ accomplished by merely varying 

the coefficient potentionetert; that are nssociat ed with the pnrametet' uPder 

investigat ion. Iledical changes in the known parameters may have to be 

handled by varying the components of the operational amplifiersj or by the 

insertion of one or mara adiit0nal amplifiers . 

A de s i gn parameter that is in1plicit in the circuit equation i s varied 

by the application of s rm 'P voltage input causing the r::.xpJ icit parl'ln:eter 

output volt age to be the continuous sol ut i on f o r a fixeLl set of knmm para­

meters. Utilization of a~ X-Y plotter will present a graphical representation 

of a design porm~~tcr voltAge as a fuocticn of another design parameter voltage. 
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plot ted curves rusults. fhis pro lure is repeated until graphlcal 1 lots 

are obt.nu,ed fer every i.acr ... ~me t o f eJch of th-2 known pt!trl.iH:eters 'These plot s 

tained in this rnnnner ar~ de~1gn pcu·~rrE-U• rs as used i.n tl11: oritSinal physical 

sys tem prior to the analogu.a conver~ton. Each pl(lt has only investig:~~t-ed one 

o r more va r iations in knotm pnra~eters. If al' of th~ rlots ere ovetlayed~ 

t he ~n·ea t.rh ich i s corrMon t o th~ eccept-'lble arect of e11 the graphs i s t he final 

de s ign arett desired. Any ~--oint in this final coronon area. meets all of th~ r..;!~ 

quired spccific~tions. 

Renrr.m gene nt of the b>.1~ ic~ c it~cuit equ~t ic'.ln ~:r.p loyiri.g the hypctbo la 

approximation for the photocon luctors n"!sulted in the form: 

,) 1~ l 1 /: i .. / ( ... ) i ' . .:......-- ~- ·~ ·-1 

) 

( --
:;)I ) j .I ( K j ·I I c j i1 / ) 

whe re ._•! -l • ·; 
f~ 2. /'' ,:_'"I 

The neon current I is now an end poi.nt type of known parameter rather-

t han t he ou t put quantity ~s in the digital computer technique. ~he twu n~on 

cur rent va l ues of interest are 1.5 and ?.5 milliarrp~res. Fhysicst qu~nti-

tie s s uch as ohms , a1!1peres ~ and rt".:ttiotaininJ voltage in the cin .. \.!it equati01. 

are transformed intc vnltages fer u!;e iv the electronic analo~u~ by a;tprOf.Jt i ~ 

ate sealing. Kno~m Farameters 0f t~mperature C'lnd Z are livi~ed i.ntc· in~ 

crerne.nts a s before. A ch~ngc iP the value of any kno-...-n paramctet" is ~-\ccomp-

lis hed by a l teritlg the individual potentioroe t ers that F.tre a~sociated ~.,ith 

the pa.reu:et e 1· unde1 irvestigat ion. Since the range of all the kno~~m para~ 

gue C(:mputer circait ;nd ac·co'l!t fo,_ ·1U. qf tl-,:. va.riat1'ons by ::n.d.t.t~ble sell-

ing o f the physical fSrAmcters. schR~3tic of the annl0gue computer 
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ramp voltage t.rhich cntT~:~~pords to desigt1 parameter JU. This continuo us vari ~ 

ation of design pH!INetet Rl, ,·i.t:h a fix~d set of temperature , z, maintain, 

ing vol tage and neon current will rroduce a continuous solut i on for t he ex-

plicit de sign parameter R2. Potentiometers a4 , aS, a7, alC, nll and al2 are 

held constant ~t one value throughout the problem. These constant potentio-

rneter settings are determined by scaling phys ical quanti t ies wh i ch a r e in-

variant . The s e tt ing of t he variable rotentiometers at any one i ns tance 

depend upon the known parameter that f.s being invest igated. Tab le #2 lists 

the dependence of each kno"'->n parameter on it s as soc i a t ed pot (m t iorne t ers. 

Tabh1 :/f2 

Vari.2tion in I l'otentiornete.rs a3, a8j) al5 1 nl6 

Variation i n T Potentiometer a2 

Variation in z I'otentiorr:ete r al 

Variation i n v Potentiomete r s a9 , a 13 , al 4 

Figure 23 

Each o f the known parameters one at a t i me i s s y stemat ic~lly vn r i e d by 

changing their a ssociated potentiometers . The two voltages in the electron-

ic analogue wh i ch represent design parnmet ers Rl and R2 are automatically 

plotted by inse r t lng these continuelly varying voltages as inputs to nn 

X-Y plotter dur i ng any one solution which cor responds to a particulnr kno~1n 

set of pa r ameters . The output of the X-Y plotter i s a graphical representa-

tion o f design par~meter R2 versus design parameter Rl. A typical output 

curve f or Z (photocouductor resi s tance magnitude multiplying factor) corrcs-

pond i.ng to .4 appe.<trs ns in figure 2'~. This curve i.ncludes the effect of 

temperature , maintain~tg voltage and neon currents. Solid lines represent 

,..., 
.) I 



vol t ngas of lCO volts. The ~~~ee tempe~stu~es investigated are 25°C, 40°C , 

and 55°C which are recor1~d from right to left in groups of three lines . 

For earh maintnining vol~age} the l0~~r g~ur corresponds to 1.5 milliamperes 

and the ren:a ining group corresponds to 2. 5 mi 11 iamreres. S i111i lar curves [or 

other values of Z aprear in figutes 25, 26 and 27. 

As was rrent ioned previously it' sect ion four, the l:nmm p.-:> rnrneters) 

terrperRture (T)~ and photoconductor resistance magnitude multiplying fac-

( ) 1 f J .J . tor Z , w-ere estahli.s tecl as increrm:~nta.l types o parail'eters '>!.nee ----

and 
,.) "( 

) ,) 
could not be proven to be of constant sign for the entire range 

o; Vl\riation~ Zx~min<=ltion of figur•:!s 2l> through 27 discloses that for the 

rna inta ininB vo 1 tnge equa 1 to 60 volts, the three temp•arn ture curv..:!s oF the 

lowe r grour (neon current equa 1 to 1. 5 mi 11 ian1peres) cross ever each other. 

This cros s over is indicative of a pcint of inflection in 
) i or state i 

in other ter-n~s the value of .:) • changed sign at the point of temreratur~ 
J 

cross over . By overlaying figures 24 and 25 a simila r effect would be noticed 

for Z, namely that for one value of temperature, maintaining vo l tage and neon 

current the overlayed ~~r~es corresporJin~ to two Jifferent v~tu~E 0f : 

would cross ov;r.. 1'his cross OYUl iudi.c~tes T.vhere a ;;oint of infl"rt'i\:m ~x= 

ists for An ovcrl•1pptng technique. as ."!fpli.f::'!d to the dlgit.Jl co•nr uter 
,) 1 

~1·cns is used i..n fif'tling the Area corr.:non to the lrdivtdw'll areas. '"h.! r~· 

sultAnt design areo is flgura 28 . ~ince all of the roints of i~f!cction far 

t emperat~re and photoconductor resistanc~ magnitude multiplying factor lie 

outsiJe the resultant de.~ign area, these q:.1antitics are in effar"t end poiPt: 

type of h;ov;n partlr:1eters i.f the tet·m cs !..lse-1 here app lies only to the rest. l-

ant de r, ign ~rea. 

Th~ design "''.rL~a <?.~ obt~ ined fro-rn tha ~nn logue ccwp1tet in conjunct ion 

wi th t he X-Y plotter meets the rcquiH!lJ .. :n!tS of circuit p!t'fcrr..'lncc with d.ny 

set of knovn rAl'::'l eten'. Th;! 1in~:-: for1ring the boundartes of the l\ren <'ire 

::,p 
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t • 

there is no tdJi.u:.. n.al ir<f<>l><at:.on tn.a-~'.lable about the t'estdtBnt. d~ sigr. area 

upon which the des i.gner aln base a choice~ This perhaps is its sole ~,e.::~kness 

as compare d to the d:tgitnl computer techni.que. 
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using ~~r£net• rs w~ich h2v~ w:J~ rLng~s of variation can be solved ucing 

either of the co~puter te~hniq~2s described. The designer ha3 merely to 

select design panw1eters from a finr< 1 D rca '··lith the assurance that the 

circ11it will r-c("!t the output specifications .. 

8oth the digital and the analogue comvuter techniques Frovide adequate 

design data. Each ~ethod has advantages; there is little difference in the 

nrnount of tir.1e involved from start of problem until soluticn. This time 

naturally depends upun the designer's experience ~nd familiarity with a 

particular corr.put et·. The ac.Ct!racy is comr;arah le in e .tther method; while 

the digital computer is more accurnte for any individual calculation, the 

analogue has the advantage of providing a continuous solution rBther than 

an inct·ementel one. The analogu~ computer, when USl~d with an X-Y plotter 

provides the area curves directly without the plotting necessary to reduce 

the digital date. However, the digital computer can be~ easil~r rrogrammed 

t o rrovide add1t ional data useful in analysis of a ~pacific, designed cir­

cuit . There were no logic circuits employed in the ~nalogue solution, 

therefore the significant test for delta I was not made in this solution. 

For the specific circuit used to demonstrate these techniques~ it 

should be noted that the sche~e for temperature compensation did achieve 

the desired compensation as referenc~ to figures 17 and 18 will show. The 

additional labor involved in employing the more complex seconcl order approxi­

mation is not warranted since there is no significant 1iffer~nce between the 

fin:ll design areas obtained w:lth the two approxirn~tions. Figure 29 compat'es 

the results obtained with the two approximations using the digital computer 

and the hyperb•:> 1 ic aprroxirnat ion us in6 the ana Iogue comr uter. 
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~~1ttioua1 inv~stigatfcn stv~1J b~ con!uct~J to exten~ t~e study to 

inclu~e nn analysis of th~ ~ircui~'s transient behavior . A method of in­

cluding logic circuitry in the 3nalogu~ circuit would pennit the additional 

test for delta I to be conduct~d. A circuit involving the selection of 

three design parameters presents nn interesting problem. In this c~se, 

instead of accer t able area graphs, the result would be a three dimensicn­

al acceptable volume plot of the design paremeters. 
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AH ~~NDIX I 

YIAT lliHATICAL DEt(IVATION LEADIND. TO SECOND ORDER EXPRESSIOi'! FOF 

P'l'OTOCONDUCTOR HESISTAliCE-NEON CURRENT RELATIONSLTIP 

To obtain a met'lematical expression v1hich approximates tbe photoconductor 

resistance variation \>lith neon current s ,_10wn in curve B, the relationship 

is assumed to be of the form: 

The Eollmving points, selecte(i from the curve were used to determine the 

unknown coeffic ients A, R, C and D. 

I in rna. 1.50 1.80 2.20 2.50 

R in Kohm 6.7 1 5. 10 J.rs 3. 37 

A (1J u J( I ) ) r I) ( :;, XI D I ) l ( ~ i >: I ;- (1) 

A ( .5, I) ( 11 ~ ) r~ r ~ r )I./·~ 1) (~ ( .~ 1 ) 
! f- I .'I C "" (2) 

/~ (j !. )( 1 f ) ) ·k-. I { (.1. 2 \ I ) ·r l' ( 1 -~ ~ ,i )(/ 
) 

.j. c 
(3) 

!\ ( _, v ~ r I ~ ) 1\. :] ).' X }\ ._.t, .) J. ' ' ) . 

~~-IL)/J (1) - (2) 

j 

. I I l\ j { I C ~ I X I (' . ("'• 
(3) - (4) 
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