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ABSTRACT

A new random m@lee generator y ie ld s  'both raBdoSi^telegraph^aw 

output w ith  a mean eemnt r a te .o f  I© ke amd ©anssian aoise having a 

power spectrum f l a t  between d~e and 2© ke0 The noise generator eom^ 

slats- © fa  rad loaetive  s©nreej, pul me am p lifie r g Sehmltt. trigger^  binary^' 

lim iter^ , f i l t e r  am p lifie r2 and a feedbaek e ir e u i t  regu la ting  the mean . 

eemnt ra te s  Aeeurately p red ic tab le  e h a ra e te r is tie s  and re la t iv e ly  wide 

bandwidtii make the new noise generator-'msefml fo r  f a s t  analog ©mpmta^- 

M.en amd2 in  parti@mlar2 fo r re p e tit iv e  -eompntersa

The output waveform preceding the  f i l t e r  am p lifie r i s  am accurate”  - 

ly  lim ited  random telegraph wave ©f S  S@ v o lts  •with a s ta b le  'sere meane : 

Theto’e t ie a l  design @@msiderations and perfeormnee data are presented®;
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c i m m  t  

IimOBTJGHOl

simdies. ©f ranite® peeeesses req a lre  the .gen@ra^

. Men ©£' randeaO-y irarylag v@ltages w ith apprepriate  s t a t i s t i e a l  p rep e rtie s  

S© rep re sea t randomly varying v a ria b le s9 ■i n i t i a l  ©@Bditi@ass aad/©r
' " ■  ' - ' v '  - ' V ' - v - :: -parameterso .

An anal@g=*@eapTatep ae ise  g e n e ra te  sheald possess the following
# * t • 

e h a ra e te ris tie ss  ' %

1 ® A s ta iioB aiy  random ©ntput voltage of ̂ km@wh - amplitude @

, . 2o Adequate E li ©mtpmts . t© Bti.niB3ii© fu rth e r  amplifio&tiem

.reqoirementse '

So A s tab le  ger© m®aBe A mean other than ger© can be ©bo 

ta ined  by add ition  of a d## voltage* 

k* h w  eorrelatiom  (le s s  than ®olK of mean square') fo r  delays 

. made above l/b a n d w id th |'in  parti@ ulars the ©mtpmt mmst not 

■ ' . ©ontaia peri®d£e::@©mp@fi@BtSe :

5o A s tab le  p w e r sp e e tra l density* p referab ly  f l a t ,  from ger© 

freq^eney- to  a freqmeney sm ffie ien tly  la rg e  "when 

to  a%- noise speetrua to  be simulated^

^S®eg f a r  iastan®es We F e lle r9 P rebab ill%  Theory and I t s  Appll^ 
ea tio n ss, John Wiley & Wmsa In®*$■-lew Yorks 1950 . ■ , . . . .

He Lops -' in. SrabbeA lam@s and Wooldridges Handbook of Automations 
'iempmtationg and Gohtrolg Chapter 26s John Wiley &” Sonss In ®*9 lew Xork9

1



i, m is e  geaera ter iateBded t@ .preflde randem in p a t signals te  

a re p e tit iv e  analog' ©empater i s  l ik e ly  to  requ ire  a f l a t  power spes 

©xtemding from dee to  several thousand ©yeles per seemdo The' 

power sp e e tra l density  may he a lte re d  t© meet a p a r t ie a la r  requirement 

by means ,af l in e a r  sh ap iB g ,filte rs  |  ; the emtpmt amplitmd® .distriM ti© ®  ; 

©an be shaped by means of di@#e fm netim  generat®r@ @

Id l  Bandom .Hois* Generators
' . . . .  , /  ■ . ' 3 - /  - "

Ganssiam^noise generation by means ©f aeisy  re s is t© rss • diodes.

»Sg and thy ratrens i a  a magnetie f ie ld ',  su ffe rs  fr#m the me® 

®f elaborate/ rsgalatio ja  .'and/or memlterimg ®f 11B' and €«® @mtpm 

l e v e l s , . and. a lso  fr@m n©n«=#nif©rmity ®f the power speetrum a t  lew f re  

queneiese Lew^-frequeney sp e e tra l n©n«=wd,formities s in@lmding l in e ”*' 

freqmen^" eomponents due t@ hum piekup, ©an be removed through samp” : 

l in g  or demoSulatien and f i l t e r in g  of the  noise generator 

'.re^ea tb rs ' a .f la t  portion  .©£ the speetrum about i«©| bu t the r e s u l t^  

ing noise.outpa^ spestra  are f l a t  only to  1§0«S@© ©pss and, henee, an  

met usefu l f e r  -■

iFWMte W@is© Test S e t, Type Q&e .ISh^A.,M Mareord, Instrum ents 
Limited, England

ffoRo Bennett, f,EquipEent f  ®r' GeBerati,ag Heise, 911 E leetrem ies, 
IfSS , p e .135 /  ' • : . • ! ; ' ; . .

g '
:lMd©-,.;:p©

»i
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'RoBs Bennetts BeB® Bee'eher, and. Ho Low, ^Bleetri 
l i z e d . Noise G eneration,” E lee tro n ies , 17, Ju ly , pp© 163=165
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1#2 An Improved Noise Generator C ircu it

A f l ip - f lo p  (binary) symmetrically triggered  by a rad ia tio n  de­

te c to r  actuated with a rad ioactive  source y ie ld s a random-telegraph 

signal with P o isson -d istribu ted  zero crossings (F ig . 1 .1 ) .

I f  the lev e ls  £ E are accurately  s e t  by a p rec ision  l im ite r .

-b

-E T

F ig . 1 .1 , Random-Telegraph-Wave

the mean output i s  zero , whereas the mean-square, au toco rre la tion , and 

power sp ec tra l density  are accurately  given by

Ce{0) « B2 (1 .1 )

y (-c )  = E2 e~2ot\-cd . 2)

WM » ------ -----5 -  (1.3)

l ‘ d
where cx i s  the mean count ra te  of the rad ia tio n —detecto r output pulses 

(Appendix A). Low-pass f i l t e r in g  of the random telegraph signal y ie ld s  

e sse n tia lly  Gaussian noise of zero mean and spectra l density  p rec ise ly  

determined by the f i l t e r  c h a ra c te r is tic s  (Appendix A). The inheren tly  

fla t-spectrum  random-telegraph signal i s ,  however, extremely useful in  

i t s  own r ig h t .  The binary nature permits i t s  d ire c t use fo r  random



, • , ' • , -. ■■ - < ,;; ;■ : ■ . , ; . : g . ■ ■ , ■■
switeMng (M nary m ult,iplieati© n)s @ogo3 in  ee rre la to rso  I t  als@ : 

serTes,. a s : a. sewe® @f pandomly timed events (Peisaom pp©@.®ss| im slmW 

latlom s ©f. aqmipment f a i lu re s  mM qmeming preblems smeh as .

Am e a r l ie r  noise generator ©f th is  type m tilised  a s e l f -
: V ::. '■ :

quenched. Geiger-Hueller tube as the rad ia tio n  d e te e te r i  ' but th is  de=. 

•Idee■ was'.lim ited ; t@ pelatlyely-'lew ' @®mat;; r a te s  (Ml^w' 50© eps'j its,;' 

deionization  time © , ih# mew msise generator t© be deseribed rep laces 

the Seiger-M aeller tube by a s c in t i l la t io n  de tee ter ( Type 9311 photo- 

m tiLtiplier) - and perm its eount ra te s  w ell in  - excess ©f 75 ke fo r  wide— 

band © p e r a t i o m a ; •’ -v ' X: : /  :

• ; ■ g - . ' . ; V ' 1 \
' - GoWo i.mder@©ns d®A® A seltine#: AoB® Mamoini9 CoWo Sartare^

nA ■ Self=Adjn,sting System fo r  Optimum Bynasde PerfQrmanees 18 IRE 
Mat' 1 Qonventio n R eeo rd j Mar eh a 1958 . ; • .. ■ \ -

A pplications ©f Geda Oemputers b@ S ta t i s t i e a l  Problems 
©f; ;0|3©pati®nS' 'l©sear@h#» 'G©:©,%-®A?1 : § i a ^ ? 2ts, JnnSj, 1955s ppc. i f o f t  ;

l  ■ / ''Random lois® Generator f©r- Simulation Studies j," Goo%ear,
A ireraf t  G©rp©patioms ' ;jte©ember$. ;1̂ 5i$. ' ■ ‘ •• 1 ;



CHAPTER t  . ' ■ : '

lESCRIPm i OF. NOISE GE1BRATQS

■" - The teleek .diagram ©f Fig*' 2 dl: l l lm s t r a te s . the operation ©f the '

©ireBih described in  th is  paper0 The noise generator co n sis ts  of a . -

source of rad ioactive  m ateria l mixed in  a l ig h t= e a ittin g  phosphor and 

a photom ultip lier de tecto r whose output produces cu rren t pulses eerres=» 

ponding to  the emission of l ig h t  impulses in  the s c in t i l la t in g  phosphor 0 , 

A fter am plifioation  in  a 5«»tage pulse a m p l i f ie rp u ls e s  exceeding a 

c e r ta in  th reshold  voltage tr ig g e r  a eathode-eoupled binary (S©hmitt 

tr ig g e r)  to  produce sh o rt pulses of constant amplitude and random time 

©ocurrenede These.pulses are inverted  and applied  to  a b inary  (E eeles- 

Jordan tr ig g e r)  t© .produce a square wave of constant amplitude w ith .

random zero crossingso The output- square wave has a d-e component which 

i s  e lim inated  by a eathede follow er followed by a symmetrical lim iter©

The cathode follow er output i s  c lipped  accurately  a t  equal p ositive  and 

negative voltage le v e ls  by means of a diode bridge l im ite r  © The resu l t  

i s  a rand©m«*telegraph signal having accurate lev e ls  of /- E and.® B ' "  :

v o lts  e The random=telegraph signal i s  am plified and/or f i l t e r e d  in  a 

©hopper-^stabilized wide«band opera tional amplifier® .Assuming a low«pass 

f i l t e r  cu ttin g  off w ell below the mean count ra te  of the random^telegraph 

signal^ the f i l t e r  output w ill  be approximately Gaussian® The power :

7 - ; ; 7 7-.7:' : ' ;  ̂ ;
. XoWo Leej) S ta t i s t i c a l  Theory of GeramuBieations John Wiley &

Sonsa Incog 19 6 0g pps 323“3h2 -

' : 7 : - : '  : \ -  ^ >/- V - r .  . 7 :
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sp ec tra l density  'Will fee essentiaL ly  f l a t  from zero frequency to  hear 

the f i l t e r  outoff freqneaeyo' -

Since the mean eount ra te  of the random^telegraph s ig n a l.a ffe c ts  

the sp e e tra l density  of the noise output^ the th resho ld  le v e l of the 

Sehmi t t  tr ig g e r  i s  eon t ro lle d  fey means .©f feedback through a storage .. 

counter.employing an operational am plifie r in teg ra to rs  This counting 

c i r c u i t  produces a d-s voltage proportional to  the mean•re p e tit io n  r a te  

of the Schmitt tr ig g e r  output pulses and compares i t  w ith a reference 

voltage o The re s u lta n t  e rro r  voltage i s  f i l t e r e d  and fed  back to  regu« 

la te  the Schmitt te'igger th resho ld  le v e l @

2si Design Requirements '

The T ate of decay of the availab le  rad ioactive  source determines 

the mean count ra te s  The s c in t i l la to r  j, excited  fey’the rad ioactive  is©^ 

topej, em its l ig h t  in  the form of d iscrete: packets of energy ca lled  

photons e The persistency  of the  s c in t i l la t in g  phosphor should fee low 

so as t® perm it quick recovery or sh o rt f lash es @ I f  th is  condition i s  

not sa tis f ie d ^  p u lses  w ill  hay© long t r a i l in g  edges and tend t© over-

Since the pulses' ©©our a t  random times and w ith  random ampli­

tudes s depending upon the energy of th e  photonss one requ ires a pulse : 

a i ^ i f i e r  Which: cam recover 'quickly a f te r  a  severe overload and can 

amplify small pulses f a i th fu l ly  occurring feetweem very la rg e  and f r e ­

quent overload pulses* /'■ ’ ■ '  - ''y' y : ;

The random square wave generating c irc u itry  req u ires  a Schmitt 

tr ig g e r  and binary with' speeds comparable to  th a t of the  pulse am plifier 

In  the case of the b inarys. a la rg e  output i s  desired (190 v o lts  #r more)
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A eomproaiise between speed, and. eutprnt should resmlto f® ensnre a 

s ta tio n a ry  ©ntpnt voltage 'w ith’a s ta b le  zerb .means an aecurate l im ite r
' ' J - <

i s  reqniredc ' r  ’ • ' -- ■ , ' '

"With, a constant p o ten tia l across the phototube3 the mazimum 

availab le  eeant r a te  i s  determined by the rad ieae tiv e  senree* The .eotanS 

ra te  i s  als© e r i t ie a l ly  determined by the b ias voltage a t  the in p u t  of 

the Sehmitt-’tr ig g e rs which i s  used to  s ta b i l i s e  the mean count ra te  

through the aforementioned feedbaefc*regulator e ire u it»  ■ '



G W m i 3 .

THE SCIIT1LLATI0N DETEGTOR

3ol Radioactive Source, and EGA 931A PhGtemmltlplier . ■

■■ The rad ioactive  sotiree consists  of a rad ioactive  iso tope adxed

■with a l ig h t  em itting phosphor® I t  i s  the same substance th a t  i s  used, 

by jew elers fo r  the d ia l of luminous watches 0 This jew eler is  pa in t was 

applied  t© a small region of the  tube envelope covering the eathode of

: the photomultiplier® ■■ .

The f  JIA i s  a Postage photom ultip lier w ith an S<=4 response peak« . 

ing a t  about %QO0 angstroms® This photom ultip lier was se lee ted  because, 

of i t s  re la t iv e ly  .lew eostj, and be@au.se i t  i s  of the vaeuum types whi@hs 

unlike a gas phototube# su ffe rs  l i t t l e  er m@ fa tig u e  (.loss ef .se a s itiv -

■ i t y  w ith ' use) when ©perated - e.omtiHaously near f u l l  p l a t e ' eurrent®

S e n s itiv ity  i s  dependent ©n the respec tive  am plification  of eaeh 

tynode stage® The overa ll am plifieatidn  i s  equal to  the average ampli=

■ f ic a tio n  per stage ra ise d  t© the nth power9 where n i s  the number of

■ tynode/stages® ■ /  - y / ,

•, . A supply ef 1000  v o lts  i s  applied  to  the phototube across a 

voltage d iv ider providing 100  v o lts  between successive tynpde stages®

A eurve of count ra te  vs voltage across the' phototube i s  shown in  Fig®, 

3ol fo r  a Schmitt tr ig g e r  th resho ld  le v e l  s e t  near maximum count rate®

A base soeket of high grade# low^leakage plasti®  prevents leakage of /  

high voltage between the mtOLtiplier tube e lectrode  term inals ®

mailto:be@au.se
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As can be se.en in  Figo 3*2,, the l a s t  3 (&n@de stages have been 

by-passedo I f  peak ptfLse ©ntputs are continuously drawn from tbe tube s 

a momentary decrease in  the bleeder cu rren t re s u l ts  and causes a ©or** 

responding decrease in  the output voltage* This type of degenerative 

feedback may le a d  to  nonlinear response from the tube® The value of 

the capacito rs Sg, and. i s  chosen so th a t  the time constant de=> 

termined by them and. the bleeder re s is tan c e  ■will be la rg e  w ith resp ec t 

to the pulses to  be detected® .

The source and photom ultip lier tube are completely enclosed by 

a Mu-metaX sh ie ld  mainly to  prevent a*=e f ie ld s  from modulating the
' ' ' - " ' . . ‘ 1 g

count r a t e |  the e a r th 1s f i e ld  might a lso  cause a decrease in  signal**' 

3*2 Mcn^overloading Pulse Amplifier ,

The input s ig n a l to  the puls© am plifier v a rie s  w ith the in ten ­

s i t y  of the inc iden t l ig h t  f la sh e s | each photon in  tu rn  ex c ite s  the 

cathode of the photom ultip lier and y ie ld s  photoelectrons whieh cause 

an output pulse am plified by secondary emission® The measured pulse 

output i s  of negative p o la r ity  and varies from near gsero to  ten  oh 

f i f te e n  volts® i  f.

The count ra te  i s  determined by the number of these pulses which 

w il l  exceed a c e rta in  threshold  value® The pulses occur a t  random times 

and ©an be very close together® Hences one requ ires a f a s t  am plifier 

which can amplify the small pulses above the threshold  value , and w ill  

not be overloaded by the la rg e r  pulses® The problem ©£ f a s t  response 

was not as d i f f ic u l t  to solve as the problem of overloading® I f  the

,8Bmnont M u ltip lier Phototubes s Allen B® Dumont Lab o ra to ries g 
In©®, C lif to n , I® J®, 1959,' p® 11
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eeirbFoX g rid  ©f ©b@ of the am plifier tabes i s  d rives ah®Te eathode p©«= 

tem tia l hy a la rg e  palse^ the re s is tan c e  o f the edapling condenser 

charging c i r c a i t  i s  g rea tly  redneedo With the g rid  above cathode p o ten t 

tlaljp a small grid-oathede re s is tan ce  i s  placed in  p a ra l le l  "with the 

la rg e  g r id  leakage resistor©  The decreased time constant r e s n l ts  in  a 

la rg e  change in  c©npling*@©ndenser voltage diaring the time of a strong 

pals©© This change causes the omtpnt voltage to  overshoot w ith  the  long 

tin e  constant ia  the ©mtpmt eiremit© 'Baring the f i r s t  p a r t  of the re — 

eovery periods the g rid  p o ten tia l of the next stage may be near or below 

cu to ff © The am plifier w ill  then not pass sm all signals and i s  sa id  to  

be blocked or overloaded© Smceeeding poises w ill  hot be passed and the 

conmt ra te , decreases©

One solmtiom th a t was explored was to  introduce a diode in  the 

g rid  c i r c u i t  of one of the stages to l im i t  the s ize  of the pu lsej but 

a corresponding lo s s  in  speed was experienced due to  the in te rn a l  eapae— 

itanee  of the diode©

An id e a l so lu tion  would be a f a s t  am plifier th a t  would amplify 

the small pulses a g rea t deal and the la rg e  pulses only s l ig h tly  © The 

c ir c u i t  f in a l ly  used i s  one commonly used in  nuclear physics experiment 

ta tio a* ^  and employs d ifference am plification  © The f i r s t  stage of the 

pulse am plifier i s  a l in e a r  am p lifie r and the two following stages com**, 

p rise  the d ifference amplifier© BoG© coupling between the f i r s t  stage 

and the d ifference am plifier avoids the problem of charging coupling

,fModel 2lS N©ma@v@rl©adLng Am plifieraM Baird=Atonic a .jnce# 
Ifessaehusetts



The non-overleading poise am plifier i s  shorn in  Fig® 3o3o The 

feedhaek loops and basie  design are very s im ila r to  the HOak Bidge=»
" ; . v r .  ^  " '

F a irs te in "  and ”Br©olchaven=Chasen eiremits® The negative input s ig ­

nal from the -photom ultiplier i s  am plified through and appears as • 

a p o sitiv e  signa l a t  the g r id  of il-B e "II-B and ¥2—1  are  eonneeted as 

a d ifferenee am p lifie rs -with th e ir  g rids eoupled through a long time 

eonstant (220 M l ohms and ©el m icrofarad) 0 Under normal oonditions^ 

1.0605 when the positive  inpu t signal a t  the  g rid  of ¥1 -3  i s  sm all9 the 

d ifference am plifier earn operate w ith  low e ffec tiv e  eathode impedaaee 

(1 3  kHohms in  p a ra lle l  w ith the r^  of the  other tube) sinee both ¥1=B 

and 12—A. are conduetingo When the signa l i s  la rg e s Vi-A outs o ff and 

a l l  eu rren t flows through i l-B g the e ffe c tiv e  cathode impedanee of which 

i s  now 13 kilehmsp For la rg e  signals H-B w il l  draw g r id  cu rren t3 but 

since there i s  no coupling capacito r in  the grid c irc u ity  i t  w il l  r e ­

tu rn  to  i t s  quiescent operating po in t as soon as the la rg e  signal 

eeaseso ¥3 i s  an in v ertin g  am plifier whose output i s  the triggering  

signal fo r the S chm itt. t r ig g e re

Two feedback loops help to  s ta b i l i s e  the gain c h a ra c te r is tic s  of 

the pulse am p lifie r0 High-frequency negative feedback i s  applied from 

the cathode of ¥2—B to  the cathode of ¥ 1 -A through a capacito r and r e ­

s is to r  in  shunto The capacito r in  shunt w ith  the feedback re s is to r  

overcomes the capacitance from the cathode of Fl-A to  ground* There i s
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als© a seeondj, 1 ©w«=-frequeney feedback eonneetion from the cathode ©f 

¥1=S and V2=A t© the g r id  ef 171 =4. to  s ta b il iz e  lew=frequeney f ia e ta a — 

tions in  voltage (caused fo r "example by ehanges in  tmbe eharaeteris®  

t i o s ) Q The lo n g t im e 'e o n s ta n to f th e  390 kilohm re s is to r  and 25 \

mier©farad eapaeito r confines the e ffec tiveness of th is  feedback to  tiie 

qnieseent cu rren t conditions of il=4, and the d ifferenee amplifier®

3©3 Performance of the Non^overloading Amplifier

" ' v Tests made s a  -the, am plifier; :were made w ith an ■asfable m ultivi=  

bra to r  a t  2 me® The r i s e  time of the inpu t pulse was OeOh mier©see©ndss 

and the reeovery time was 0®l6 miereseeondo The am plifiers r i s e  time 

i s  no g rea te r than #®22 microsecond; the recovery time 0ol6  mieroseeondc 

The e ffe c tiv e  pulse gain varies w ith in p u t amplitudeg due to  the n©n= . 

l in e a r  .differenee am plificationo The output voltage never exceeds 60 

vo ltso  This occurs fo r  an inpu t of & v o l ts 0 R eliable am plification  is- 

obtained in  excess Of 2®5 me® : > .
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l t d  le s ig n  ef the  te ig gey;

The Sehmitt tr ig g e r  ( lk  and W). shows in  Pig© hoi i s  ©f e©iw©a~
■ T ef ' . " "

tional desigs© The eutpst amplifier (¥6) inverts the trigger t© the

proper polarii^r and prevents leading ©f the tr ig g e r  "by the b inary0

. A res is tan ce  i s  used in  the ©athode e iro u i t  of the  f i r s t  tube

to  redu.ee the 'l@©p gain to near .mailer and thus, rednee h y ste res is  to

approximately. 1©# velts© I f  the h y s te re s is  were e lim inated  e n tire ly s

the l@©p gain iTO'old he equal t@ nn ity  whieh i s  a re la t iv e ly  tms tab le

,@®nditi©B©. .B rlf t  (dme t© smpply voltage changes^, tmhe agimgs ete©) •

e@Bld"eause negative h y ste res is  (loop gain le s s  than u n ity ) and the

e ir e u i t  would n© longer ehange s ta te s  The /  1©8 v®lts h yste resis  •'

■will ensmre th a t  the l®@p gain .w ill rem ain. g rea te r than mnity even i f  ;'

the © iren it d r i f t s  somewhat© : '

lj,©.S Performamee of the S a h a itt d ig g e r  : "

The perf©rmanee of the Sehmitt tr ig g e r  was determined while i t  

was operating in  the e i r e u i t e The u n it  was fed  by the pals© am plifier 

and leaded by the in v ertin g  amplifier© The r is e  time depends somewhat 

®m the speed of the trig g e rin g  vo ltages bu t i s  in  n® ©ase le s s  than 

0©l6 mieroseeondo The output switches between 25© and /  -30CD v o lts

^ J o  M illm h and” H© Taubg Pulse and l i g i t a l  6ir@ uits9 MeGraw«» 
M il  Book So©9 Inc©, l f$ $ $ pp© IS I^ T F "  —  — ~ — —  ■■ , ..

^ Ib id©  ' : ■ ■
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with a reeevery time of Gel8  Hiieroseeondo The mazimmn re l ia b le  eoant 

rat® obtained msimg the astab le  m u ltiv ib ra to r eonneeted to  the input 

of the pulse am p lifie r# approximately 206 m@o The d r i f t  of the switeh= 

ing po in t i s  elim inated by the feedback eon tro l e irc u ite

■Design of the B istab le  M ultiv ibrator • ■

The binary (f?  and ¥8} shown im Figo i s  a lso  of conventional
-17designo The output cathode follow er (¥9) reduces the output voltage 

to  near the desired  leve l^  lowers the output Impedances and prevents: 

loading :the binary©

The sh o rte s t in te rv a l between trig g e rin g  pulses fo r  which the 

binary  w i l l  operate re l ia b ly  i s  c a lle d  the resolving time and can be 

divided in to  the tra n s it io n  time and the recovery time© The tra n s it io n  

time i s  the time i t  takes the ■ c i r c u i t  to  switch s ta te s^  while the re«= 

cevery time i s  the time th a t  must elapse before the c i r c u i t  has estab­

lish e d  i t s e l f  in  i t s  new state© As can be seen in  the f ig u re s the compi­

lin g  a ttenuato r i s  compensated© This add itional capacitance in  the 

c i r c u i t  decreases the tra n s it io n  tim e' of the binary bu t unfortunately  

a lso  increases the recovery time© In  th is  ap p lica tio n s the signal th a t  

induces the tra n s it io n  between s ta te s  i s  a spike-type voltage© I f  the 

spike i s  of a s u f f ic ie n tly  sh o rt duration^ the b inary may be completely , 

in se n s itiv e  to  i t  unless i t  i s  compensated© Thus^ a sh o rt tra n s itio n  

time i s  more im portant than a sh o rt recovery time in  th is  application© 

The trig g e rin g  pulse from the output of the inverting  am plifier i s  

negative© This i s  d e s irab le s since a b inary  i s  o rd in a rily  mere
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sen sitiv e  to  a negative pnlse than to  a p o sitiv e  p u l s e S y m m e t r i e s !

tr ig g e rin g  i s  desired  as a tra n s it io n  most occur fo r every inpu t pu lse0 

Triggering was f i r s t  attem pted through am add itional r e s i s to r  connected 

d ire c tly  in  se r ie s  igith the supply voltage 0 I t  was found th a t  to  en­

sure r e l ia b le  trig g e rin g  the pulse must be la rg e  and the commutating 

capacito rs had to  be made la rg e r  than was co n sis ten t w ith  a sh o rt 

recovery time® The problem was solved b y 'trig g erin g  d ire c tly  a t  the 

p la te s  through diodes® This re s u lts  in  two d e fin ite  advantagess 

l e  A decreased recovery time due to  th e  use of sm aller commutating 

capacito rs o 1® The use of a tr ig g e r  of sm aller amplitude since i t  i s  

no longer a ttenuated  by the  p la te  load  resistor®  Decreasing the load  

and a ttenuating  r e s is to r s  w ill  improve the resolving time® The p rice  

th a t  must be paid  fo r th is  improvement in  reso lu tio n  time i s  increased 

power d issipationg  and® unless i t  i s  possib le  t© increase  the tube cur­

re n t  in  proportion^ as the load  r e s is to r  i s  reduced^ the p la te  swing 

w ill  become smallero Henee s not only w il l  the usefu l output signal be 

reduced^ but the to ta l  g r id  swing w i l l  become sm aller, and i t  may become 

d i f f ic u l t  to  m aintain d-e s ta b i l i ty  in  the b inary0 When th is  occurs, 

i t  may become necessary to  use p rec ision  componentso

The output of the cathode fo llow er1(V9) i s  s l ig h t ly  greater than 

— 30 v o lts ,  as the diode bridge w il l  l im i t  to  — 2© volts® This 20 v o lt  

margin ensures the elim ination  of any unwanted noise r id in g  on top of 

the random square wave, and also  re s u l ts  in  sharper pulses® Since the

18
Ibid© 9 ppo ,1%-157



randem square wave i s  a lso  a ttenuated  in  the re s is tan ce  network preced­

ing the eatheds follower^, the output of the binary must be f a i r ly  la rg e  o

Mote th a t  d=© eoupling i s  used a l l  the way from the binary to  the noise

generator output to  preserve the components of the random signal a l l  

the way down to d«Co The cathode follow er also  ac ts  as an iso la tio n  

network preventing the diode bridge from loading the binary  and a t  the 

same time feeds the bridge through a low inpu t impedance© 

iui). Performance of the B istab le  M ultiv ibrator

Ihe output of the binary  swings from P 300 to  /  180 v o lts  or an 

output of 120 volts© The r is e  time i s  @©6 microsecond and the recovery 

time i s  0*3 microsecond© The maximum number of re l ia b le  tra n s itio n s  

i s  0©7 m illion  tra n s itio n s  per second© The output of the cathode fol*=-

lower i s  from /  3® volts©

It©5 Design of a Diode Bridge l im ite r

To obtain am output voltage of adequate ro o t mean square w ith  

a s tab le  zero mean# the output cathode' follow er i s  followed by tiie 

diode bridge l im ite r  shown in  Fig© k©3©^ To allow f a s t  r i s e  times# the 

impedance le v e l  should be as low.as possible© P recision  carbon depose 

i te d  r e s is to r s  provide fo r  accurate lim itin g  lev e ls  © The bridge-bias 

voltages must be w ell regu la ted  and preferab ly  should be obtained d ire c ts  

ly  from the reference supplies of the computer in  which the device w il l  

be used© The p a r tic u la r  c ir c u i t  hhown here l im its  a t  & 20 v o lts  w ith in  

0*3. v o lts  fo r  both sh o rt and long pulses©

19GoAo Korn# T»M* Korn# M ectron ie  Analog Gomputers# McGraw« 
H ill Book Gqo# New York# 1956# p® 29b
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The output, element ©£ the complete random noise gem@rator'm%st' - 

he a ■wlde=bands d=c am plifier capable of., supplying the requ ired  gain "sad; 

■lew output impedanee0 " A PM lhriek Type eh©pp@r=sta'bili^ed■ am pli^>v.

f i e r  is,maede The emtput lew-pass f i l t e r  i s  placed in  th e  feedbaek leap  

©f th is  a m p lifie r | plug—im term inals perm it use of d if fe re n t  feedback , •



CHAPTER 5 

MEAN-COUNT-RATE CONTROL CIRCUIT

The count ra te  can be se t by adjustment of the threshold  le v e l 

a t  the Schmitt tr ig g e r  inpu t (Fig* 5*1)• Note th a t two curves are 

plotted* The method used was to  measure the count r a te  w ith a v o lt­

meter a t  the g rid  of the Schmitt t r ig g e r ;  the voltm eter was then r e ­

moved, and the count ra te  was remeasured* The voltm eter capacitance 

accounts fo r the d ifference  in  curves* Figure 5*2 shows the feedback 

c irc u it*  The count ra te  was measured a t  the output of the inverting  

am plifier ( V5>) w ith the setup of F ig . 5*3*

F ig . £ .3 , Mean-count-rate Measuring Setup

Due to the low inpu t impedance of the Baird-Atomic counter 

(1600 ohms), a Tektronix type 5U5 oscilloscope was used as an imped­

ance iso la tin g  device preventing the counter from loading the in v e rt­

ing am p lifie r. The counter was triggered  from the o sc illo sco p e 's  

v e r tic a l signal output term inal * D irect use of the cathode follow er 

in  the control c i r c u i t  was not as sa tis fa c to ry  as the oscilloscope fo r
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measurement purposes•

Count-rate regu la tion  could a lso  have been accomplished through 

feedback to  the power supply of the phototube. This would have the 

advantage of having more elements w ith in  the control loop . The reason 

th is  method i s  not used i s  because eventually  other phototubes may use 

the same power supply.

£♦1 Design of a Storage Counter With an Operational-Am plifier C ircu it

•f 300 —300 -»-300
e ^ .< o  R

V4
AAA

KZ-)

T

Fig . Storage Counter With an Operational-Am plifier

C ircu it

Referring to  F ig . 5.L, the cathode follow er (V10) applies negative pulses 

through a low impedance to  the storage counter. The negative pulses 

cause the capacito r (C^) to  charge through the diode (D^). The time 

constant w ith which Ĉ  charges i s  the product of Ĉ  times the sum of 

the diode and cathode follow er re s is ta n c e s . I f  th is  time constan t is  

small in  comparison with the duration of the pulse, then Ĉ  w ill  charge 

fu l ly  to the value e^ = E, with the p o la r ity  in d ica ted . During the 

charging time of C^, the diode Dg does not conduct and no cu rren t flows



int© tMe operational am plifiero At the term ination ©f the  input pnls@s 

;the ©apaeitor■ ■ .0  ̂ i s  l e f t  w ith the voltage Es •whieh now appears

aeross and aeross the se rie s  eombination ©f Dg and the operational 

am plifiero The p o la r ity  of th is  voltage i s  such th a t  w ill  not eon-” 

dueto The capacito r w i l l s howevers discharge through 3^ in to  the 

operational am p lifie rQ The time constan t w ith whieh th is  tra n s fe r  of .

©harge takes plaee must he qu ite  small .in- Comparison m th  the in te rv a l ' : 

between pulses in  order to  allow equilibrium  to  he estab lish ed  between 

the capacito r voltages (G^ and Sglo The ©apaeitor Go i s  o rd in arily  qu ite  

la rg e  in  comparison w ith G-̂ o The average curren t flowing in te  the 

operational am plifie r i s  SiCjOU A node equation a t  the in p u t of the 

©peretiomai' aimpLifier' is'".’ ; : ' ' ' " : ' ' : ; . v:: ''1 '■ -

a t  d<==®o Solving fo r  E^

' ' ' ^  ' '' ' ' 0 » 2 ) '

Equation 5o2 in d ica tes  the d ire c t dependence of tiae operational ampli=* 

.f ie rS ' output' voltage ©n the mean"count r a te  o I f  the  mean count ra te  

: increasesg' the output voltage decreases and lowers the threshold  v o lt”  

age:at  the input, of the Sehmitt t r ig g e ra causing, th® ©eunt- ra te  t o . /

decreases and thus regu la ting  the npise generator® One can ad just the 

th resho ld  le v e l by . varying the  reference voltage a t  the operational~



5o2 Performance of tiie Control C ircuit: •

•. The performance of the control c i r c u i t  i s  ta b u la te s  in  Table I

; . ' ' .■■■" ' TaKL® I  ' ■ ‘ ; :

; ;  : : a '

_ , :^1©

, ■ 4 %
5^22

The count r a te  was varied  hy decreasing the voltage across the phot©^ 

m u ltip lie r^  The la rg e  changes were fo r  i l lu s t r a t io n  purposes and would 

never b e . expected t@ occur in  a c tu a l p rac tice  ©■ The, reference  voltage . 

fo r  the above te s t  was: 10© volts®

Ig  AV of Phototube



eHAPTEl 6 '

HESH,aB AW  DISCUSSION

The noise generator described in  th is  th e s is  has been M i l t  and 

w ill  be ineorporated in  a re p e t i t iv e  @@®pmter now being b n i l t  in  the 

©ompnter labora to ry  I t  w ill  be used prim arily  in  eonneetion w ith

randoto^proeess studieso

The frequency cap ab ilities of the generator e ire u itry  meet the 

design requirements fo r  th is  purpose and exceed the count ra te s  obtain® 

able from the source usedo This perm its one to  use a source of higher 

frequency i f  one should become availab le  $ and provisions have been

made fo r  using two sources in  parallel©  I f  they are id e n tic a l and
y 23independents the mean count ra te  of the noise output should double©

■ A primary consideration in  rand©m®n@ise«=generator design i s  . 

freedom from period ic  components o 'v'The pulse c irc u itry  generating the 

random telegraph signa l inheren tly  discrim inates again st lin@=frequeney 

hum pickups although s tra y  60 eps f ie ld s  and curren ts can modulate the 

mean count r a te  both in  the photom ultip lier and a t  the Schmitt input© 

The re su ltin g  e ffe c ts  on s@@©ad®©rder s t a t i s t i c s s such as the power

21GoAo Korn# "R epetitive Analog Computers a t  the  U niversity 
of Arizona#8 Instrum ents and Gontrol Systems# Sept®s 1969# pp@ l5 5 l“

T© Brubaker and 1© Eekes # ^D igital Oloek Belay Generators 
and Bun Counter fo r a R epetitive Analog Computer#8 Western Jo in t 
Computer Conference Proceedings# May# 1961

®%©B0 Davenport and Wol© Boot# Random Signals and Noise# .. 
MeGraw®Hill Book Coo# Ine©# 1958# p© 154



speetsram. appear t@ be la rg e ly  remeved whem.th® ramdem telegraph a lg aa l 

Is  f i l t e r e d  fo r  Saussian ©mtpmto I t  i s  believed th a t the main period­

ic  in te rfe ren ce  in  the desired  random output i s  due to  line^frequeney 

components o rig ina ting  in  the output a m p l i f i e r t h i s  i s  due mainly 

to  chopper r ip p le  and spikes© This could "be minimised by omission, 

of the chopper s t a b i l i s e r 5 and by d^c operation of the output ampli­

f i e r  filaments©

Small line-frequem ey eomponents of th is  type are^, imf or inna te ly  s 

rampant through most ex is tin g  analog computers and measure about 3 to  

5 m illiv o lts  MS© They are completely n eg lig ib le  in  ordinary compu­

ta tio n s  over the usual -  10® v o lt  range9 bu t might add up in  s t a t i s ­

t i c a l  work©- l a  the app lica tion  of the  p resen t noise generator to  

the new re p e tit iv e  analog computer„ th is  has been taken in to  account| 

p rec ision  c ry s ta l-o s e il la to r  clock con tro l ^ c a re fu lly  prevents com­

puter re p e tit io n  ra te s  and sampling frequencies harmonically re la te d  

to the l in e  frequencys so th a t  l in e —frequency components are averaged 

out in  a l l  p resen tly  p ro jec ted  random-voltage measurements©

Photographs of the random—telegraph<=wave and noise output are 

shown in  Fig© 6 ©I©

^̂ GoA© Formg Unpublished 0emmunieation
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APEENBIX A

PO?ffiR SPEC'EEUl AID AMPLITUDE DISTRIBDTIOI OF THE NOISE OUTPUT2^

The p h o tw u ltip l ie r  i s  w ith the puls© am plifier i s

b a s isa lly  a s@imtillati@m de:te@t@r@ The radi@a@tiTe deeay eauses the 

s s in t i l la t io a  d®teeter t®. emit ramdem voltage pulses s® th a t  the prefer 

a b i l i ty  ©f having a  pulses la rge  enomgh t® trig g e r the Sehmitt tr ig g e r  

i a  V  se@@ads i s  th a t  of the Peissea dis tributioa-s

■ * (» ,* ) - (A.1)
as - r

where of i s  the average .ra te  @f ’ ©semrreaee ®f: the pulses i a  a malt time 

in te rv a l ®r the mean eeuat rate»

Per eaeh random p ils e  la rg e  @a®agh t® tr ig g e r  th e  Sehmitt^, a - : 

tra a sitiea  ©©ears i a  the biaaryo Baeh traasiti@ a i a  the b iaary  pr©=- 

daees a random aer@ eressiag  of the telegraph wave a t  th e  ©atput ©f : 

the died© bridge l im i te r 0

The power spee traa  ®f the. a©is@ generator ©mtpmt earn be @@mK» 

pm ted  freia the amt@e©rrelati©m fmaetipn ®f the re s u lta n t  square wave 

w ith random Mr® @r@ssimgs <»> I f  21 i s  the peak=»t©=*pealc amplitude ®f- 

the square wave s the e e rre la tie n  between signals t  seeends ap art i s  

/  B2 f©r am even number ©f pulses and » E® f i r  an odd numbero Per ~t 

p o sitiv e  g the time aut©©©rrelati©a function  i s  defined by

2£ '■ , Xeej ©pe e i t aa ppo 3M.~f33b /  '
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T

6? (tr) = lia« f  / r )  dt (A»2)
T —E= 00 ©̂

In  the use of the. random te leg raph .signals  the au toco rre la tion  function

is  ' •
*  ■

f { - C )  = B2 2  T )
1 • . nsQ

S E2 e”2ofl"c:| , (A s3)

4  F ea rle r transform ation of the amteeorrelatiom funetion  y ie ld s the 

power s p ee tra l density

>00
s  (T le ^ ^ S -c  (Aol?.}

S2 1

0(, 1  ,< -2*5

(Ao5)

The average power I s  then
>00

1
27T

. y  W (6u)dw  = E2 (Ao6)

I f  the noise generator output i s  passed through a sharp @utoff> low- 

pass f i l t e r ^  the resu lting; power speetrum w ill he e s s e n t ia lly  f l a t  

up to  near the eu to ff frequencys and the output signa l w ill  be approx* 

im ately Gaussian?^ The frequency a t  which the power spectrum, of

2^JoAo MeFaddens MThe p ro b ab ility  Bensity of the ©utput cf a 
F i l t e r  when the Input i s  a tandem T elegraphic"signals M IEE National 
g o a y e a t i e B  R e e o rd e  W $ 9  ' ' ---------— -— —



equation ( l s5) i s  dom 1 db i s  given by

36

( lo ? )

toe e ffe c t  of a l in e a r  f i l t e r  ©m the power i s  given by

W2(<a>) # jT(ju> (AW8)

where We(u?3 i s  the f i l t e r  eatpat power speetaram in  response to the& *
f i l t e r  frefneney response T( j  w ] and the irnprnt power speotrum W^(u;}o 

Consider a simple E0 f i l t e r ,  whose freqmeaey=respense fa a e tie a  i s

>(Wt KG" (Ao3

The output au toco rre la tion  function i s  .

osJ a* c)®>

^ 2( r ) Irrcf
co (1  JS4) (1  £  J 4 - )  

U« % a

( w r -  % 2)
(Aall}

In  p a r t ic u la r3 i f  u j e «  2oj

(Aoiij



and. f  ©r w  s  & $@ •

f 2 ( r )  ,  Ea J e ^ r ^ ! !  ( i . u )

F in a lly 9 f©r cu@.»  tear, ■

=2QfTy 2( T >  = (Aelk)

Mefaddem®® has shorn th a t fo r  K a  «nc*qfE6 a  the ppobahility  

density  of the output of an 16 low-pass f i l t e r  fo r a Polsson square- 

wave inpnt approximates the Gaussian proeess qu ite  w ells

2®Xteda
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