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ABSTRACT

This thesis describes the design and testh results ofra “irue®
random noise éeneraﬁor. Although designed for use with the PDP;Q
| digital computer, the design is easily adapted to any other small
.computer that utilizes a parqllel I/0 Bus. |

Zgner diodes provide the aﬁalog néise that is sampléd, and
then accumulaﬁed in an integrated circuit shift'register; The contents
of the shift register are then available to the computer upén execution
of the appropriate IfO instruction.

~Test results.do noﬁ'disprove the_hypcthesis that the noise pro-
duced is uniformly distributed with adjacent bits being statistically
indepenéént and uncorrelaﬁeda The generator has been used successfully
in optimization programs using-{he creéping random search technigque.
',Gaussian words c¢an be prodﬁced at high spéed by using the genérator

outpul to drive a table look-up programu

viii



CHAPTER 1
TNTRODUCTION AND BASIC DESIGN

1.1 introduc{ory‘ﬂemarks

A digital.éamputer or é hybrid analog/digital insfallation '
invélved with Monte Carlo conpufations,,systems simolation, or statis;
tical computations requires a high»quaiity source of randpm numbeis,:
il.e., & device capable of producing multibit, statistically independent,
random or pseudorandom compﬁter words at high rates. Pseﬁdorandom
numberé generéted either by software (ﬁrogrammed algorithm)ror hardware
(feedback shift register) havé been used, but are not alwaysg__s_atism
factory. When generatedrby software, considerable effort is required.
to test the pseudorandom numbers for randomness properties: the
computer time required fér the software generation of pseudoréﬁdom
'numbers may interfere with or preclude feélmtime and hybrid compﬁtations;
and, last but nof\least, the use of some types of pseudérandom.numbers'
ﬁay lead to incorrect results in simulating sysfems with time constants
that are long with réspeaf to thevcycle time of the shift regis{ex or
-in non-linear systems because highe:morder distiibutions do not have
\ desivable stahtistical propertieé {Korn 1966, and White 1967) .

To avoid the problems associated with pseudorandom nﬁmbar
generatofs, a “true’ fandbm»noise generator producing uniformly dige
fributed 18 bif,words derived from analog noise (noisy diodes) was
‘developad. This report describes the dééign of én all.solidmétatg

1



2
noise génerator designed as an.accessoxy'fof the Digital Eqﬁipmenf
Corporation PDP-9 digital cOmpuiér; esséntially sinﬁiar mltibit
noise géneraiérs would wofk.with:other digital computerS'héving

parallel I/O busses.

1.2 Design Reguiyements -

The basic design requirement was for random words on ié.parallel :V
data lines (see Fig. 1.1) into a digital computer, with a new word
beiﬁgvavailéblé évery.SOV;”4O;A¢sec. ;The 30 - 40/@4360. word rate was
assumed;io be adequate since~{he compufatiqn time associated‘with eaéﬁ
noise word exceeds this 30 ;-40}4@sec= for mbst-applications. Tﬁe
noise géneraﬁor'waé designed for the PDP«9 eémputer;but the design is

”easily_édapted’fnguse on othgr‘computérs, :PECLV(Motorola Emifter
Céupled Légic) iﬁfegratedpéircuit logic elémenﬁs ﬁere selected for -
thé hoise genératof logic because‘of:théir loﬁ'cos{ and ready avail-
7-1babilify, and because of the low level of digital noise that they produce. -
However, Digital Equipme@t Corporation (DEC) series R logic cards were
éelected for implémenﬁing the I!O'interfééé-logic (i.e,, IJ0 busAgétes
and device selector logic showﬁ in Fig. l.l),.sd_that the.necessary
compatibility at the PDP=9 I/O-Bus~équld beAmaintaiﬁedel The noise
igenerator was designed.fo oﬁeraﬁe,in,a typical computer eﬁvironmént

' aﬁd; since the noisergeneraior'was'to be houééd in a cabinet witﬁ -
lother devices using Dﬁc logic elements and Sﬁariﬁgjfhe same pbwér

{ éupplies, the designiwas iimited'to using only thenétandaré DEC vol-

tages of +10 and =15 v.
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‘Teble 1.1

Table of Noise Generator Spacifications

General Requii‘emen"ﬁs Solid-state devices only: Plug-
compatible with DEC PDP-.9 IO Bus

Word Rate ' Statistically independent, uniformly
‘distributed words available every
30 - 40 S sec.

Word Length 18 bits
Temperature 70° - 85° F. Typical computer
' _ . o ¢ operating environ-
Humidity _ . 80% -~ 80% L ment
Power Supply Voltages =15 v. (-}0..5 Ve, =l.5 v.)

+18 v. (1.8 v., «0.5 v.}
DEC standard voltages and tolerances

~




1.8 Basic Organization

Preliminary tests on the inexpensive transistor-junction
noise source indicated a sampling period of & /54, sec. would yield
essentially uncorrelated binary néisa, An 18<bit shift regié’cer will
accumulate a noise word for transmission on the IfO0 Bus. To accummlate
a full word with a single serial-input shift vegister would then
require 90 frsec., which is a lo:c"xg period for the PPP-% which has a
1 g sec. memory cycle time and a 4 4 sec. Ij0 ins’x:rﬁcﬂtion execution
time. A noise circuit for each bit in the word would be required foﬁ’
optimal compuler performance, but this was considered to be mme.ces;saryr
for most .of the intended applications; this is {rue because the prc#
gram usually requires some 30 to 50 gtsec. ‘before new noise words are -
ﬁeed.ed. Three noise circuits iﬂe:ce chosen as a reasonable éompxomise,
Each noise circuit feeds a 6 bit MICL shift register, so that a complete
new noise woxrd . is a,ifailable in 30 Lsec. Figure-1.1 is a block diagram
of the noise generaior, which consists prixﬁarily of the three noise
sources and associated shift registe‘rs,. 18 gates for driving the IfO
Bus and a recogﬁition gate used by the cémputer to select the noiée
generator a:ﬁd to time the IJO transfer. The prerammer using the noise
generator is responsible :Eér assuring ‘cha{ the access ;ée*riod is greater
than 30 /.fés'eci. or at least realizing in his use of the noise that the
3 shift registers shift at 200 ¥Hz: there is no logic imterlock that
would prevent faster compuler a.céess to the noise generator.

The use éf‘ “Program Controlled Transfer™ mode for dala trans—

fers into 'ﬂ‘l{@ PDP-9 requires that each 1/0 device have assigned to it

iy



6
a device code (Digital Equipment Corporation, 1967b). .The device code
assigned"no the ‘noise‘ generator is 64. Therefore, 'Ehe ﬁachine langua.ge
insfruc:“i:ion that reads a noise word im':or'z':he accumulator is 706412 and

“+the corresponding MACRO-9 memonic is RAND.



CHAPTER 2

- NOISE-SOURCE DESTIGH

2.1 A Sampling-Type Noise Source

The noise source described in this paper isrof the ”samplingf
Vtype:which can employ a noise-generating device whose statistiéal
, chéracteristics are not known in detail, except thaf large bandwidth
is desirable. Th@ polarity of the noise source is sampled at a
- sampling frequewcy small (< 1/10) compared.fo the noise -3 db bandm1qih.
The statistical properties'of thé binaxy noise thus generated will
depend on the sampling freguency, bul not on the statistic&l proﬁerties
of thé original analog noise. This “sampling® type noise generator has
bﬂen»deecribad by'Kohne LittTe.and Soudak (1965) and has been further
developed for use in ASThAC Iz (HandleT 3967) and LOCUST {Conant }068)
H. Yohne et al have shown that the statlsc1cs of the binary n01se
(belng accumulated in the shift reglsler) are essentially 1ndependent‘
‘of changes in the statistiés of the noise sQﬁrée and drift in the frig;'f
-gering level of the Schmitt trigger. The key to this stabllity is {he
fact that The binary noise is taken fiém the output of a trigger flip-
._flqp; FFT, which has_probability one~half of being in eilther staté‘o or
: state'i,_regardless of input probabiiity vériafions, when -the flipe
' _fiop input is sampled.pexiédicaily*mith a sufficientiy4iarge“number of
:interﬁaning state changes. Spectral bandwﬁ&th of the original noise
gource has been sacrifiead_in this arrangement, because the flip-flop
divideé the ‘mean Zercmcréséing rate by two.

7



Consider the block diagram of the noise source in Fig. 2.1.
The noise device circuit arives a Schmitt trigger that follows the
polarity chanées {(with small hysteresis, less than 100 mv.). The
Schmitt trigger feeds a trigger flip-flop which is then saﬁpled by
#he first shift register flip-flop under control of the clock. |
¥igure 2.2 shows typical ﬁaveférms corresponding to points labeled
in thé biock diégrava Figure 2.2a shows the oulput volkage of the noise
device with the Scﬁﬁitf'triggér threshold véltage, Syr superimposed.
Figure 2.2b shos the’output of the Schmitt tfigger, an& Fig,.ZnZC,
shows tha output of the trigger flipafloﬁ fhat changes $téte for each
positive transition of the Schmitt triggerg' The sampling-clock wave-
form is presented in Fig. 2.2d, and the outpuf of the first shift

‘register Flip-flop is-shown in Fig. 2.2e.

2.2 Noise Device Circuit

A éendmconductor‘diode operating in avalanche mode near ‘the
knee of the characteristic.curve.was selected as the basic noise
element, since'thé desion requiremenf was for an all solid-state
‘system using only the DEC logic %oltage of =15 v. and +10 v. Other

wdevideé sucﬁ as Geigerftubes, gas discharge tubes, hich frequency
oscillatqrs, etc. (Shreider et al 1964) have been used as noise sources
in other designs._}An inexpensive siliéon transistor (PSI ZHLQLQ) was
found to have the highesf noise bandwidth ofkthe semiconductors {ried,
and wés édopﬁed as  the basic noise eiement,

The circﬁit diagram of the noise source is shown in Fign 2.3,

D1 is the base-emitter junction of the PSI 2N1410 transistor biased
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11
inte avalaﬁche mode to produce noise. The 0-250K ohms variable
‘vesistor adjusts avalanche éurrent for maximum noise. The noise
- yoltage is amplified in the next stage (Q1), which then drives an
emitter follower circuit (Qy). The emitter follower provides a Lot -
impedance source for the Schﬁitt trigger,-thus ndniﬁizing pick-up

of gignals which could affect noise statistics.

. 2.3 Schmitt Trigger and Clock Circuit

The iogic elements chosen Lo implement the noise genera{or
were MECL elements (Motorola Emitter Coupled Logic). Tt is particular-
ly'easy to build the Schmitt trigger and clock ciréuits using standerd
MECL gates with only a few additional external components. A circuit
diagram of the Schmitt trigger is‘shown in Fig;.z,sv The two resistors,
Ry and Ry, form a.feédbéck network which gives the NOR gate its
latching action. When any input4is a légié ”l"; the circuit latches
to a'”lé output, and when all inpufs afé logic “0%, the circuit output
is an Y0%. Howe#er, when all inputs are 1ogic>”05 except one which
connected ﬁo.the noise circuif, then a small noiéé vollage excursion
can cause the Schndtt trigger to toggle becuase the hysteresis is |
small due to the feedback network.

A circui{ diagram of the clock éircuit}is also‘shown in Fig.
2.3. The circuit consists of twb'NOR gatés &iossécoupled'with cépam.
citors; The two resisﬁors bilas the gaig input transistors into their
activé reéions,.so that thg eizcuit_has high loop gain. One of the .
gates then_swifches and tuins the othef one OFF through the coupliné

capacitor. The capacitor voltage decays with time constant EC, and



then the other gate switches ON. Thus the circuit is an astable

Flip-flop, whése period is controlled by the RC timarconstanta

12



CHAPTER 3

THE COMPLETE NOISE GENERATOR

3.1 Cixrecuit Design

The Schmi“i:'i: trigger, trigger flip-;flop, shift registers, and
shift clock were implemented with MECL integrated circuit logic ele;‘
ments. For circuit contpa'tihili'tsr al the I/O Bus, DEC -series R logic
cards were used to implement the i;’O interface 1ogriu.c:n _This arrange-
ment requireé a iog"ic level convefsion circuit from the MECL shift
registers to the DEC I;d Bus drivers. MECL logic levels are nominally
'mOR'ZS v., and -41,5'5 v. while DEC levels are nominally O v. and 3.0 v.
Figui“e 3.1 is a circuit diagram of the conversion cirvcuit. "l’he circuit
- uses a differen'tial amplifier input becausé of the small MECL voltage
_swing and this amplifiex ériifés the outplﬁ: through a voltagge di#icler.
network in order to get O v. when Q9 iz ON. A worst-case dec ,désig"n
»analysis is found in Appendix I. The conversion circuils are located
én the same printed wiring boai’ds with the MECL shift registers.

Thé MECL circults reguire a power supply‘ of approximgtely -5 wv.,
s0 a power supply operating on the available ~15 v. DEC lqgic voltage
éupply was designed. Figure 3.2 1s a circﬁi‘c ‘diafgraﬁ of the povex
. supply vhich is simplylan' emitter follower circuit where 'I:hge "base
voli:ar,g;e. and thus the ou‘tpu_t voltage-. is set by a mener diodeav

13
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3.2 Logic Desion

The“logic.design of the noise generator was straightforward
and ‘consisted primarily of meeting the application specifications
for the MECL aﬁd DEC logic elements (Digital Equipment Corporation,
1967a, and Motorola Corporation, 1966). Figure 3.3 shows the printed
circuit board locations in the noise generator and the board and pin
nuiber identificétion system that is used in the logic diagraus.
Figure 3;4 is the logic diagram of the noise sources and sﬁift regis—
ters and Fig. 3.5 is the logic diégram of the 1f0 interface logic.
Thisg intefface-logic can easily be changed to édapt the noise generator
to other compuler systems since it consists simply of a set of I/0

Bus drivers and a recognition gate (W;lOS device selector).
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CHAPTER 4

. TEST PROGRAMS AND RESULTS

éml_CQRtinéency:Table Test,fcr Statisfical Independence of Adjacent

Bits |

Adjacent bits aceumilated in the noiseigenérator»shift regiSfe#s 

should be statistically independent. A PDP-9 prograﬁ that uses a
con{ingencyhfable technique (Cramer 1946,-and Korn and Korn;1958).'
for testiﬁq‘the‘noise g&neréfor for statistica1 indepéndence was
written. Let k be the value {0 or 1)} of a noise géherator bit, and
let ¥ beAthe vaiue of the nexi highef order bit. Then the 2 x 2
.coﬁtingency table is shoﬁn iﬁ Fig. lef‘ The correépondiﬂg statistic,
£2 (méan square contingeﬁcy}, isvgiveﬁ by the following equa{idn:

, _ (mngy - nigng)? | | |
T mp.ngeneg (1)

The test stalkistic, nfz, is computed seﬁaratély,for-each Of>the three
“noiée generator sections using an n of 10,000 bit samples. Bits 12 - 17
of the ﬁéise word correspond fo the first shift register secfién, bits :
6 e-li correspondvto the secondf and bits 0 = 5 coxrespond %o the tﬁirdu
Nfz is then compared to 2?%1(chimsquared.distribution with one degree
'of_freedqm), and if nf? is less than 3:; at the required level of sige
ﬁificance{htﬁen’the hypothesis of étatistigal,independence is accepted.
.Téble 4.1 contains Ffive Yung of the:cbmputer program from which it ié
’éeen that the largest pfz is approﬁimately 2.61. Comparing this

19
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Table 4.1

Five Selks of Computed, Test Statistics

lﬂ

GEN

GEN
| CEN

GEN

CEN

GEN

GEY
GEN

- GEN

GEN
GEN

. GEN

GEN
GEN

GEN

1 STATISTIC;
2 STATISTIC;
3 STATISTIC:

STATISTICS
- STATISTIC;
STATISTIC:

o BNy

1 STATISTIC;

9 STATISTIC; I

3 STATISTIC:

[

STATISTIC:
STATISTIC:

[SLN0

1 STATISTIC;
9 STATISTIC:
3 STATISTIC;

L STATISTIC;

HF21l=§.92502
NF22= §.95113
NF28= §.19181

NF2l= 1.63820
NF22= (.24205

NF23= 2.60998 -

WF21= 1.(3784
NF22= §.719p4
NF23= 2.43494

NF2l= §.19622
WF22= §.06953

WF23= §.P6441

21
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.Stallsﬁlc to a4 1 1 table (Korxn 1966), the hypothesis of stetishtical
'independence>would be accepted at 10% significance level.
Apﬁendix Il containg a listing of the PDP;9 M£CRO«9 statistic
- gethering program, STATIN, and three FORIRANw4 subroutines, ClOUT; '
.CZOUT and C30UT, which compute and print the rest SLatl c1c nfz, fox
':each o’ the thrce noise generator sections. All fou: programs should

be loaded together prior fo execution.

4.2 Adjecent-Bit Correlation Test

Adjacént.bits accumﬁléted in tﬁe:nqisemgaﬁeratox shift registers
" should be statistically independent and thus;uncoxrelaied‘if the noise
generator is funclioning properly. A program fhai computes the sample
correlation coefficient of adjacent bits for each of three shift
register éections was written to test the néise generator. The samplé

correlation coefficient, x, is given by:

e Xix
T= 1X2 B

where
v : ~-2_1% -
=% Ei X3 and X" == Xliz

For a sample size of n, let n, be number of coincidences of”adjacenﬁ

bits and fhen n-ng = number of anti-coincidences of adjacent bits.

Then; for binary noise

M, = [ DR o
- Do~ (R ) 7
r = n n = 9 .8 =1
S . n
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Y is’ computed for each' of the three noise generaltor sections_ using a
sample sizge of 10,000 bits. Bits 12 = 17 of the noise word correspond
to the firsk shi.:f:" egwte:f sec*hlon, bits 6 = 11 cor respoad to the
-sacondé~aﬁd bits 0 - & corréspond to the thixd.
_ T g‘vves some qualitative measure of the noise oenefal_oz pef»;
formance although it is not used. in a hypothesis test. Figure 4.2
is a g@aph of T versus a variable samplingiperiod, T, for one of the
three noise g@neﬂ:é‘hoy sections. From this data it is seen thalt T
sﬁould certainly be sel greater than 2 A2 sec., or the noisé bits will
be s:;gm f: c'antly correlated. This program was also used _'to set the
noisew_diode current which is adjustable on the noise source circuit
card. The dicde current is adjusted, while ruaning the program, until
minimm ¥ is obtained.
Appendix III containg a 1i sr::mg of the PDP-9 MACRO-9 statistic
gathering‘program;ﬁBlTCOR, and a FORTRANwé subroutina, CMPOUT,'mhich

computes and prints r for each of the three noise generator sections.

4.3 A Co:rrolahon Display Test

A computer mstallain on using a noise source needs a simple
-operating test on the noise ’generator to determine whether the gener-

ator is operational kefore procamdmcr with more elsborate 'tesLs (if

required), or with :'L'E:s use as. input to a program. With an X-Y caw':hod&ém'
ray tube display in the compulter system, a noise display scheme was

tried in an attempt to give the operator a quick vzsua indication of

the noise generator omrationn The program rs-ads 3024 W ords fx‘om the
. ) . 5 .
noige generator inhto a buffer a;fea, in menmory. Then one of the thyes



Fig. 4.2 Graph of r Plotted as a Function of T

to
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6 ﬁit»sections is usgd ags the X-coordinate and another selected a

6 bit section is used as the Y;céordinate of the cathode-ray tube
displa§g Thus.1024 dbts_are displayed on the screen. Provisions .are
made to provide érbitrary bitland word delays beltieen X selected aﬁd‘
Y selected noise generghor sections by ﬁsind the accumulakor switches
on the PDP-8 console. This selected delay'coxresponds to the (tg =
tl).delaf between the Xland,Y'samples; Switches 15 - 17 select noise
»geﬁerator,sectioﬁ»(1»3)vto be used as Yecoordinate. _Switéhes 12 - 14
‘select noise geﬁerétor.section (1-3) to be used as Y-coordinate.
Switches O — 11 select bit delay (0-6) between X and Y data. Switches
0 - 8 select word delayé (0 - 512 words of 6 bits each) between X and
$'éata;, A;purely random pattern on the screen wpul&-indicate no
cprrélation end any clustering of dots indica{es correlation. Figures-
4.3 and_é.é shotr phofpgréphs of fhg display information. Figﬁré QQSa;
shows anlapparently uﬁcorrelated pattern; namely, section 2 as X-
coordinate, section 3 as Y-coordinate with a 0 bit delay. Figure 4.3b
shows a completely'correléied patfern; nawely, section 2 as‘both X and
Y-coo#dinate with 0 bit delay. Figure 4.4a shows a corxrelated display
‘,ﬁith\bﬁly'l'bit in cormon;: sechtion 2 is used for X and Y=coordinate
with S bifs de1ay. The correiation can sﬁill be observed. Figuré
4.4b sho%sAa-cbrrela{ed,diSplay.resulting from a noise diode;not biased
properly to produce sufficiently fast noise for the Slgésec; sampling
period. Note the clustering of display dots. The T conputed for this

case is 0.345.



Fig. 4.3a Photograph of Display with Generator 1 versus
Generator 2 with 0 Bit Delay

Fig. 4.3b Photograph of Display with Generator 2 versus
Generator 2 with 0 Bit Delay



Fig. 4.4a Photograph of Display with Generator 2 versus
Generator 2 with 5 Bit Delay

Fig. 4.4b Photograph of Display with Generator 1 versus
Generator 1 with 1 Word Delay. Noise diode is
not properly biased.



This test does not give guantitative informatiom, but it is
surprising how good a human cbservation is at determining problems

with the use of a visual display. ZHAppendix IV contains a listing of

the PDP-9 MACRO-9 Correlation Display Program, CORDIS.-

'4,4 User Results

R. McClellan and T. Liebert (McClellan and Liebsrt 1969)

developed a computer program which measures the mutual information

content of two sections of the noise genergtoxfr'They measured a very
low mutual information of approximately 3 x 10“3 bitsn This is an
indication of statistical independenée of different 6 bif sections
'in the noise generator.

R. C. White, Jr., developed'a compulter program vhich is a
chi-squared goodnessméfmfit test for a uniform distribution. If
adjacent bits are statistically independent, then the noise gemerator
should pxoducé a uwniform distribution of binary words. The chiwsquaredr
test results of R. C. Vhite, Jr., give no evidence to disprove th
_hypothesis that the noise generato: output is not uniformly distributed
at a confidence level of'95% using a samplevsize ofAZ,OQO words.

Gaussian noise is eésily-generatéd'fxom the uniformly distrié
buted noige by ﬁsing the outpult of the generator as a tablemlobkup |
‘address of a Gaﬁssianbdisffibution (Korn and Aus.1969). This requires .
aboui SQ/kzsecs per Gaussian wnrdar-interpolation may oi may not 5@

reguired depending upon the application.
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The noise generator has been successfully used as a random
- nugber source for two different creeping-random-search optimimation

programs (Gonzales 1969) and (White 1969).

4.5 Conclusions

The noise generator design presentéd.here performs well as a
randqm noise generator for the AnalogfHybrid Computer Laboratory.
The generatorbproduces a wniform distxibution of binary words where the
adjacent bits are essentially statistically indepsndent and uncorrelated.
Expanding laboratory applications and requirements may dictate the need
for a Faster noilse generator. " In this case, either a higher bandwidth
noise source muist be developed.fo permif faster sampling rates or the
‘noise generator willlhaye to be re-~designed to include a sepavate noise

source for each kit in'the generated noise woxrd.



APPENDIX T
MECL TO DEC LOGIC LEVEL CONVERSION CIRCUIT

WORST-CASE DESTGN ANALYSIS

Degion Problem

The noise generatdr shift registers use MECL logic elements
with nominal logic voltages of 40.75 v. and -1.55 v. The noise
generator must work with the PDP;9 IfO interface, where DEC series R
logic circuits afé'usedc Th@sé series R circuils use noﬁinal logia
rvoltages of 0 v. and ;310 v. - Thus, a logi¢nlevel conveksion cireuit
is required to convert from MECL to DEC logic levels.

The generél circuit design oﬁjeatives were: 15) simplicity;
2;7'réliability7 3.) operating speéd'¢ompatible with DEC logic to
assure proper IO iﬁﬁexface operakion; and, 4.) to usé standard DEC

logic voltages only to minimize power supply reguiremenls.

_Design
’ A aifferential:amplifier input scheme-(Fig. A.1) was chosen for
two reasoﬁs;' Fifst,'the input voltage swing ié:so smali (nominally'
.Sbo,mw‘) that it precludes the seleétion of.a grounded emitter switch.
Second,fboth the,trqe and complement logic signals that are neesded by
the differential amplifie? are available from the MECL flip;flops in
the noise generator shift register. |

The civeuit Quﬁput must provide a logic signalijth nominal
voltage leveis'of 3.0 v. and 0 v. In the circuif of Fig, A.1, the

30
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Fig. A.l1 Differential-Anplifier Circuit

6 +10 .
Fig. A.2 Differcntial~Amplifier Circuit with Voltage Divider
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~3.0 v. is easily obtained with Qo OFF, since the collector resistor,
Rc;'isrreturned'té ;15 v. However, obtaining 0 v. oul when Q2Ais,ON
is not possible since the base of Qz'is at -1.55 v. and even with Q2
- saturated, its collecltor cannot reach 0 va‘ To elimingte this problem
in the simplest way, a voltage divider was added to the outpuk (Fig;'A;Z),r

This simplé approach is not-generally good, since the di#idér
reprgsents fractional currvent gain, thué reducing fan-culb capability
of the circuit. However, in this case, the outpult drives only a single
4 logic load, and the cuﬁrent requirements of that load are quite smali,
namely 0 mA at -3.0 v. (diode leakagé curfent)Jand 1 mhat 0 v., nom-
~inally. Also, +the noisé generator is physicaily,compact, so that the

stray capacitance that has to be driven by the output is small.

W0rst~Case-Design

The following notaltion is used for a worst;case d~¢ design
analysis of the éircuit proposed in Fig. A.2.

 indicates maximm value of variable R.

R indicates minimum value of variable R. _
For'examp@e,_if R is a 510 ohms 5% resistor, then R = 535 ohms and
R = 485 ohms. | |

From the Digital Equipment Corporation Small Computer Handkook,

(19670),.the =15 #. supply can have worst—case values of mléesﬂto
c=18.5 %. and the +10 v. supply‘has output of +11.5 to +9.5 v.  The use

of 5% resistors was then assumed.
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With Qz OFF, the worst;case equivalent circuit, relatiyé to the
constraint that.Vbﬁt is less than = 8.0 v., is shown in Fig. A«3; This
circuit assumes that Qz'basememitter Junction is're%érse‘biased andA
that Qs is a silicon #ransiétor so ihatlleakage current iﬁ éolledfor:
is neg7igib1e compared to divider cuxrents. A constraint eqguation
is then developed as ?ollows= 0

11.5 + 14.5 v.
By + Rc + Ry S (1)

=z

Vout = 11.5 v. ~i Ry £3v. (2)
Combining equations (1) and (2) gi&es o

11.5 By 2 14.5 (R + R ) o (3)

With Qg ON, the worst-case equivalent circuilt relative to the
constraint that Vogt = 0 ve while igyt = 1 ;A is shown in Fig. A4,
' where Vo is the collector voltage of Qg with Qg ON.

A second constraint equation is}then developed from the equi-
valent circuit of Fig. A.4.

95«12&2«(12-1)R1;1=0 (4)

Vout =9.5 ~ iRy 2 | | (5)

Com01n1ng ecuation (4) with the constralnt 1nequallty (5)
yields: |

Rpg 9.5R;
Bl - Yo ‘ - (6)

‘At this point, two inedualities, {3) and (B) have, been developed that
contain four variables, so the deéign wili'proceed by successive trials

vhile considering limitations due to transistor specifications.



-14.5V.

R,
R1
-° Vout
R ‘out "0
6 +11-5v.

Fig. A.3 Equivalent Circuit with Q2 OFF

VIAAA -ovVout

VC+0 <iout=1ma.

+9-5v.

Fig. A.4 Equivalent Circuit with Q2 ON
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In Fig. A.5, graphs of equations (3) and {6) have been plotted |
with RZ as a function of Ry with R, and Vé é.s paramé“’ce_rs.. Nominal
valu;as of Ry and Rg must be chqsen go thalt rectangular ares represents=
ing possible values of Rj a,nd Rg d.u,e’ to total toleraz;ces lies below
curve of equation. (6) and above curve of equation (3}}' Based on this
" eriterion, the folio%ing ralues were chosen:

1) Ry, =0.51K=>R, = .48K; R, = .54 K

.M

2; VC 2 =2 Ve

B

3) Ri=1.5K =R =1.58 K

i

4) Ry =3.3K=>Rs=3.13K; By = 8.47 K

Wext, the emitter resistor, Rp, must be selected based on the
above circuit values and then the transistor specifications must be
checked against the frial design. Figure AQS is an equivalent circsuii:

with Qg OX from which i, *the col 1ecz‘to*° cuyrent, can be calculated.

»9=5‘=~:,12R2—(12ml)~ w(lc'f'lzal)P +165-0 {7}

Vo = (i + i5 ~ 1) Ry + 16.5 = 0 : (8
Solviﬁg simultaneous equations (7) and (8) with selected values

from above yvields: .

9.5 = Vg + Rl = 9.5 + 2 + 1.42

= = 2.64 mA
Ry + Ry 8.47 + 1.42

5;2=

now solving {8) for i, yields: » A
V, +16.5 « (i ~ 1) R, = =2 + 16.5 = (1.64)(.48) = 28.6 mA -

te S Ry | 0.48

thus i, 2 28.6 mA ' g - (9}



Vr =42V
Solution:
Re= 510
Ve= -2 v.
RI= 1.5 K
2-0 3-0

Fig. A.5 Graphs of Circuit Equations Shovdng Solution Space

Ri

kn



Ima.

6 +9-5v.

Fig. A.6 Equivalent Circuit with ON

0-5ma.

Fig. A.7 Circuit for Computing Emitter Resistor Value
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Assuming base-emilier drop of Qo ON is epproximately 0.5 v. and
that minimum hpp %60, then ipsz i, + 0.5 wh or i == 29.1 wA and using
equivalent circuil of Fig. A.7:

9.5 = ipRp ~ 0.50 + 1.56 = 0

or

h
Ul

B, = 20:5 5, 10:5 o 361 X ohms
E iy 7 29. _

g_..x

Thus RE 340 ohms was picked.
| The transistor selected for this circuit is the Motorola MPS
' 6522.s'ilic:on PNP. It was selected because of its availsbility, low
cost, and because i{s specifications satisfy the circuit requirements,
namelys
| Collec'to*‘ Em‘:’::ter Breakdoun Véltag'e BVero -;25 V. min.
(I, = 0.5 mA dec, I = 0 | |

M Current Gain

(I, = —2mh dec, Vo = <10 v.) hgp 200 min.

(Ig = ~100mA d-c, Vop = ~10 v.) " 90 min.
Currem, Gain Bandwidth Product _ | : ,

(I, = <10mA d-c, Vo = =10 o) fp 420 MH, typ
Device dissipation @ Ty = 60°C Py 210 1.

Tre,nos.stor pover dlsmpa‘clm estlma,clon is Py i Vog
2 (28.8mA) (=2 v. + 1 v.)27 30 wl. which is well below 210 ¥ capa-
bilitj‘ @ 60"_(51.. Since dutﬁi; cycele is low (maximum 200 Kg) 'f:_he average

dissipation due to switching should not cause any problem.
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l\;‘p transient analysis was made on the ci:ccui’r._ because the

spee@ requifemam‘:‘s ‘Wére not severe and kecause the selected transistor
- was quite fast. The dircuilt was constructed and found to function

. correctly with a rise time plus delay time of less than 50 nanosec.



APPENDIX II
PDP-~9 PROGRAM LISTTNGS &

STATIN, CLlOUT, C20UT, C30UT

Contingency Table Test Programs

This appendix contains computer listings of the MACRO-9
program, STATiﬁ, and the three FORTRAN;é programs, ClOUT,_CZOUT
aﬁd.CSOUT, which are used to qonpute the contingency table testh
statistic; nfzu ﬁ%ﬁ st@tistic is computed on & sample size of
10,000 bits for eéch of the three noise generatox sectioﬁso AlL

four programs are loaded prior to execubtion.



STATIN

- START

REWD

RECYCI

BEGN2

RECYC2

/J.E.BELT 3-27-69
/PROGRAM TO TEST STATISTICAL
/INDEPENDENCE OF ADJACENT
/BITS (CONTINGENCY TABLE TEST)
CTITLE STATIN

.GLOBL ClOUT

.GLOBL C20UT

.GLOBL C30UT : -

LAC (NI10-1  /CLEAR STATISTICS
DACKk (10 . /AGCUMULATORS
.DEC |

LAC (-18

.0CT

DAC STRCTR#

CLA

DACx 10

1Sz STRCTR

JMP -2

.DEC

LAC (-2000

DAC WDCTR#

.0CT

LAC (-5

DAC SHFTCR# |
106412 /READ NOISE WORD
CLL -

RAR . |

S7ZL /COMPUTE GENI STAT
JMP X1EQ! |
RAR /X1 1S ZERO

SZL »

JMP OXOY!

DAC NTEMP#

.LAC NI1O /X1 1S 8,¥Y1 IS5 @

ADD (1

DAC NI1IO
LAC NTEMP
I15Z SHFTCR
JMP RECYCI

DAC NTEMP

LAC (=5

DAC SHFTCR

LAC NTEMP

RAR /COMPUTE GENZ STAT
SzZL : g

JMP X2EQ! ' :

RAR ) /X2 1S 0
SZL



- STATIN

BEGN3 -

RECYC3

JMP
DAC

LAC.

ADD

DAC

LAC
157
JMP
DAC
LAC
DAC
LAC
RAR
SzL
JMP

RAR

SZL
J1IP
DAC
LAC
ADD
DAC

~ LAC

BEGN4

157
JMP
15Z
JMP
LAC
ADD
DAC
LAC
ADD
DAC

LAC
ADD

DAC

. LAC

ADD
DAC
LAC

- ADD

DAC

‘LAC

ADD
DAC

TX@Y!
NTEMP
NITT

(1

NLIT
NTEMP
SHFTICR
RECYC2
NTEMP
(-5
SHFTCR
NTEMP.

X3EQ!

DX@Y1
NTEMP
NI 1D
(1
NLLD
NTEMP
SHFTCR
RECYC3
WDCTR
REWD
NI1O
N120
NI.O
NI 10
N2 10
Nol10
NILT
NI2T
Nl T
NLLT
N 1T
NoIT -
NIL1D
NIZ2D
N1 .D
N11D
N2 1D
No1D

JMSx CloUT

JMP

ot 7

«DSA NLIO

/X2 1S B,Y2 1S ¢

1

/COMPUTE GENS STAT
/X3 1S @

/X3 1S B,Y3 1S ¢

/COMPUTE MARGINAL
/STATISTICS FOR GEN

S /NO. 1

/COMPUTE MARGINAL
/STATISTICS FOR GEN
/NO@ 2 B

/COMPUTE MARGINAL

/STATISTICS FOR GEN
/N0, 3

-~ /PRINT SUBROUTINE

42



STATIN

0X2Y!

- X1EQL

0X1Yl

TX0Y!

«DSA
- DSA

NI20O
w10

<DSA N220

«DSA
+DSA

JMS*x C20UT

JMP

oDSA
«DSA
ODSA
oDSA
-DSA
«DSA

JMS*k C30UT

JMP.
- DSA
«DSA
«DSA
«DSA
« DSA
o DSA
HLT
JMP
DAaC
LAC
ADD
DAC
LAC

-JMP

RAR
SZL
JMP
DAC

~LAC

ADD

- DAC

LAC
JMP
DAC
LAC
ADD
DAC
LAC

- JMP

DAC
LAC
ADD
DAC

No1O
Ni.O

o+ 7

NIIT
NIZ2T
we1lT
N2T
NIT
NEoT

o7
NIID
NIZ2D
N 1D
2D
No1D

NL.D

START

NTEMP
N10
(1
10
NTEMP
BEGN2

oxlyY!
NTEMP
Ni20
(1
Ni20
NTEMP
BEGN2
NTEMP
w20
(1
e20

NTEMP -

BEG N2
NTEMP

IT

(.
N2 1T

/%1 18

/X1 18

/X1 IS

/X2 1S

g, YI 1S 1

1,Y1 IS @

I,Y1 IS 1

8,Y2 1S |
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STATIN

X2 EQI

TX1Y!L
DXoY!

X3EQ!

DX1Y!

CNL10
N120
N2 10
220
N.10
NL.O
NILT
NI2T
N2 1T
22T

LAC
JMP
RAR
SzL

JMP.

DAC
LAC
ADD
DAC
LAC

Jp
DAC’

LAC
ADD
DAC
LAC
JIP
DAC
LAC
ADD

DAC.

LAC
JMP
RAR
SZL
JMP
DAC

- LAC

ADD
DAC
LAC
JMP
DAC
LAC
ADD
DAC
LAC
JMP

NTEMP

BEGN3

TX1Yl
NTEMP
N1Z2T
(1
NIZ2T
NTEMP
BEGN3

NTEMP

ez2T
(r
N22T
NTEMP
BEGN3
NTEMP
N 1D
(1
1D
NTEMP
BEGN4

DX1Yl

NTEMP

Ni2D
(1
Ni2D
NTEMP
BEGN4

NTEMP

2D
(1
2D
NTEMP
BEGN4

/%2

/X2

/XS

/X3

/X3

IS

IS

IS

1S

IS

1,v2

1,Y2

1,Y3

1,Y3

IS

IS

IS

15

I1s’
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STATIN

NolT
NILT
NILID
N12D
N2 1D

2D

N.ID
NI .D

oEND START

- 45



QOO0

12

ClouT

SUBROUTINE FOR COMPUTING

NFSQ FOR CONTINGENCY TABLE

TEST FOR STATIN AND PRINTING
RESULTS. J.E.BELT 3-27-69
SUBROUTINE ClOUT(NI10,NL20,

N 10, N220, NP1O, NIPO)

X110=N110

X120=N120

X210=N210

X22.0=N220

XP10=NP10

X1PO=NI PO

XNFIS Q= (18800 .4 ((X110kX220-X120
*X210)%%2)) /(X1P0x (10898, ~X1P0)
*XP10% (10000, -XP10))

WRITE (5,18) XNF1sQ

FORMAT (* GEN | STATISTIC; NFZ;.~
*F8,5)

RETURN

END
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11

c20UT . | . : : ; 47 .

SUBROUTINE FOR COMPUTING
NFSQ FOR CONTINGENCY TABLE
TEST FOR STATIN AND PRINTING
RESULTS. J.E.BELT 3-27-69
SUBROUTINE C20UT(NIIT,NI2T,
RIT,N22T,NP1T, NlPT)
XI1T=NLIT

X12T=NI2T

X21T=N2 I T

- Xe2T=N2aT

XPIT=NPIT

XKIPT=NIPT
KNF25Q=(180080 & ((X11T*xX22T-X12T
*X21TIk*k2)) /(XIPT* (10000 ,-X1PT)
*XPIT* (10200 .~-XP1T)) :
WRITE (5,11) XNF25Q

FORMAT (* GEN 2 STATISTIC: NF22_
*F8.5)

RETURN

END



C30UT

oEeRe e

12

SUBROUTINE FOR COMPUTING -
NFSQ FOR CONTINGENCY TABLE

TEST FOR STATIN AND PRINTING
RESULTS. J.E.BELT 3=27=69
SUBROUTINE C30UT(NLID,NI2D,

N2 1D, N22D, NP1D, NIPD)

X11D=N1 1D

X12D=NI2D

X21D=MN2 1D

X22D=N22D

XP1D=NP 1D

X1PD=N1PD

XNF3SQ=(10060 .4 ( (X1 1DxX22D=X12D
*X21D)*%2)) / (X1PD* (16000 . -X1PD)
% XP1D% (18080 ,-XP1D))

WRITE (5,12) XNF3S5Q

FORMAT (% GEN 3 STATISTICs NF23=

"k F8.5)

RETURN
END
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- EPPENDIX III
PDP-9 PROGRAM LISTINGS

BITCOR & CHMPOUT

- Correlation Coefficient Test Prcgrams

This appzndix contains computer listings of the MACRO=9
program, BiRCOR, and the FQRTRAH;ébsubroutine, CMPOUT, which are
used to compute the sample correlation coefficient, ¥. vThis/test
statistic is computed on a sample size of 10,000 bits for each of

the three noise generator sections. Both programs are loaded prioxr

to execution.
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BITCOR

/JQ'EO

BELT 3-10-69

/BIT CORRELATION PROGRAM

START

REWD

RECYCl!

«ITITLE BITCOR
.GLOBL CMPOUT

DZM NCORL#
DZM NCORZ#
DZM NCOR3#
.DEC

LAC (-2000
DAC WDCTR#
.0CT

LAC (-5
DAC SHFTCR#
106412

CLL

RAR

SZL

JMP BITI!I

" RAR

MATCH!

NOMATI

RECYC2
MATCH2

NOMATZ

SzZL

JMP NOMAT!
DAC NTEMP#
LAC NCORI

ADD (1

DAC NCORI
LAC NTEMP
ISz SHFICR

- JMP RECYCI

DAC NTEMP
LAC (-5
DAC SHFTICR
LAC NTEMP
RAR

SZL

JdMP BIT12

RAR

SZL '
JMP NOMAT2
DAC NTEWMP
LLAC NCOR2

"ADD (1

DAC NCORZ2

“LAC NTEMP

ISZ SHFTCR
JMP RECYCZ2
DAC NTEMP
LAC (-5 '
DAC SHFTCR

/5TART OF GEN 2



BITCOR

RECYC3

MATCH3

NOMAT3

BITI!I
BITl2

BITL3

LAC
RAR
SZL

JMP

RAR
SZL
JMP
DAC
LAC
ADD
DAC
LAC
1Sz
JMP
157
JMP

JMSkx CMPOUT

JMP

NTEMP

BIT!3.

NOMATS -

NTEMP
NCORS3
(1
NCOR3
NTEMP
SHFTICR
RECYC3
WDCTR
REWD

ot 4

.DSA NCORI

.DSA NCOR2

oDSA NCOR3

HLT
JMP
RAR
SNL
JMP
JMP
RAR
SNL
JMP
JMP
RAR
SNL

.dJMP

JMP

START

NOMATI

MATCH!

NOMATZ
MATCHZ

NOMAT3
MATCH3

. .END START

/COMPUTE PRINT SUBR
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11

12

CMPOUT-

JEB 3-9-69

SUBROUTINE FOR COMPUTING
CORRELATION COEFFICIENTS
AND PRINTING RESULTS
SUBROUTINE CMPOUT(NCOR!,
NCOR2, NCOR3)

XCOR! =NCOR!

XCORZ2 =NCOR2

XCOR3 =NCOR3
RI=((2.%XCOR1)/10088.)~1.
R2=((2.%XCOR2) /10000, ~1.
R3=((2.*XCOR3)/10008.)~1.

CWRITE (5,185 RI

FORMAT (Y GENERATOR 1 BIT

CORRELATION COEFFICIENT*FG.3)

WRITE (5,11) R2
FORMAT (* GENERATOR 2 BIT

. CORRELATION COEFFICIENT%FG,3)

WRITE (5,12) R3
FORMAT (k GENERATOR & BIT

CORRELATION COEFFICIENT*FG.3)

RETURN
END
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APPENDIX TV
PDP-9 PROGRAM LISTING

CORDIS

Correlation Display Test Program

This.appendiz contains a coanputer listiﬁg of the MACRO-9
program, CORDIS, which is used to display the outpﬁ%s of two of the
noise generator sections as the'X;-and Y;coprdinaﬁe values on the (=Y
cathode-ray tube display. The accurmulator switches on the PDP~§ con-
sole are used to control the operation of this program. Switches 1517
select the neise generaltor section, 1-3, to be used as the X-coordinate,
and switches 12«14 select the noise generator secktion, 1-3, to be used
as the Xécoordinate; Switches 9-11 select the bit delay, 0-6, between
the X and Y data, while‘swifches 08 select the word delays, OmSlz

woxds of B bits each, between the X and Y data.
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CORDIS

JTITLE

START

REPT

RECYC

54

CORRELATION DISPLAY

/0F. RANDOM NOISE GENERATOR

/J JE.BELT
~DEC

LAC . (1

DAC STFLGH#
JMP INPAR
LAC (~1536
DAC WDCTR#
.0CT

LAC (NIADR-1

DACk (10

106412

DACk 10

LAC (-6

DAC DELCTR#
I1sz DELCTR
JMP -1

1Sz WDCTR
JMP RECYC
LAC (NI ADR-I
DACk (18

~-ADD WDTAU#

- DACk (1l

DACx (12

LACk 12

.DEC |

LAC (-1d24
.0CT

DAC WDCTR

LAC (DABADR+2

- DACk (13

NEWORD

EXTI

ENTRI

CLL

cLR

LAC CCFLG#
AND (0000830
LRS 3

TAD (-1

SNA

JMP EXTI
TAD (-1

SNA.

JMP EXT2
JMP EXT3
LACx 10

AND (BOBD77
DAC TEMPI1#
TAD (~400

2-10-69

/SET WDTAU,TAU,&
/CCFLG FROM SWT'S

/SET AUTO INDEX
/7REG FOR NOISE WD
/DISTRIBUTION



CORDIS

- EXT2

- EXT3

CONVRG

SNA

JMP 45
LAC TEMPI
LLSS 14
DAC NTEMP#
JMP CONVRG
LAC TEMPI
ADD (1
LLSS 14
DAC NTEMP
JMP CONVRG
LACK 10
AND (@87700
LRSS 6

DAC TEMPIL

JMP -ENTRI

"LACk - 1D

AND (7700088
LRSS 14

DAC TEMP1
JMP ENTR!
cLQ

CLL -
LAC CCFLG

- AND (P030803

EXTY!

ENTRYI

SHFTI

TAD (-1
S NA
JMP EXTY!

TAD (-1

SNA

JMP EXTY2
JMP EXTY3
LACk 11

AND (208077
DAC TEMPI
LACK 12

AND (202877
DAC TEMP2#
LAC TAU#
AND (P00P87T
ADD (LRSS
DAC SHFTI
LAC TEMP2
LLSS 6

ADD TEMP1

XX /LRSS TAU

AND (2088871
LLSS 3
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CORDIS

EXTY2

EXTY3

YCNVRG

ADD NTEMP
JVMP YCNVRG
LACk 11

AND (007700
LRSS 6

DAC TEMPI
LACK 12

AND (BB7700
LRSS 6

DAC TEMP2
JMP ENTRY!
LACK 11

AND (770200
CLL

LRS 14

DAC TEMPIL
LACK. 12

AND (778200
LRS 14

DAC TEMP2 -
JMP ENTRY!
DAC* 13

1SZ WDCTR
JMP NEWORD
LAC DABADR+3

" DAC DABADR+!

' INPAR

SERVST

DCH

LAC STFLG
SZA
JMP SERVST
CLA

‘LAS

DAC TEMPI
AND (200033
DAC CCFLG
LAC TEMPI
CLL

"LRS 6

AND (20060B0B7T
DAC 'TAU

LAC TEMP1
LRS- 11

AND (B@@T7T7
DAC WDTAU
JMP REPT
DzM STFLG
JMS DCH

JMP INPAR

/WORD INTO BUFFER
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CORDIS

DCHIN

CAL .

16
70062 1

INT ~
DBK

.DEC

LAC (-1@27.
LOCT . S
DACx (36
LAC (DABADR-]
DACk (37

" LAC (400

INT-

DABADR

N1 ADR

109622 .
LAC SAV#
I0N

DBR :
JMPx DCH
DAC SAV
70850 1

LACk (@

DAC DCH
JMP DCHIN
400080
XX

4PP209

.DEC
.BLOCK 1023
.0CT-
400000

.DEC

.BLOCK 1536
,OCT

JEND START

/START DATA CHANNEL
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