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ABSTRACT

A manufacturing methods project has been initia ’.ed to establish a pilot

production line for metal nitride oxide semiconductors ( MNOS) block oriented

random access memo ry (B ORAM) multichip hybrid circuits. The f i r s t  phase

of activity is concerned with definition and establishment of the required

production capability. This report  describes the chip fa b rication seque nc e ,

and outlines some experimental investigations. Program status and plans

for  the next quarte r are reviewed.
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PURPOSE

The purpose of manufactur ing  method and technology (MM~~T) p ro j ec t

number  2769758 is to e s t ab l i sh  a pr oduct ion capa bility fo r  metal  n i t r i de -

oxide se miconductor  (MNOS) in tegra ted  c i r cu it s  for  b lock-orien ted  random

access  memory  (BORAM) .

Mil i tary organiza t ions  a re  faced with a di f f icul t  ha rdware  problem in the

use o f modern  day compute r s .  A suitable mi l i ta r ized  secondary  st o r age

technology simp ly does not  exis t .  Drum s and discs cannot s tand up unde r

the s tr e s s  of the groun d mobile envi ronment . Mil i tary real time p r o gr a m s

are f o r c ed  to be r e s iden t  in main memory  because e lec t romechanical  stor-

age access  delays cannot be to le rated .

MNOS BORAM hold considerable  promise  of meet ing the mi l it a ry ’ s

seconda r y s torage needs .  An advanced development A r m y/N a v y  MNOS

BORAM module has proven that s ignif icant  volume , weight , power and use

flexibility advantages can be achieved. (See the appendix f o r  a descr i ption

of the mo dule.)  When compared to f ixed-head electromechanical  s torage

MNOS BORAM offe rs  MTBF’ s 10 time s longer , and access  t imes about

500 times fas te r .

This MM&T projec t  will establish for  the government  a source of supp ly

for  MNOS BORAM secondary s torage.  A pilot production line with a de rn-

ons t ra ted  capacity of 1, 875 hy br id c ircui ts  per month will be es tablished.

Each hy brid c i rcui t  will contain 16 MNOS BORAM in tegra te d c i rcu it s .

This product ion rate will provide suff ic ient  hybr id c i rcu i t s  to allow fabr i ca t ion

of th ree  16. 8 megabit  BORAM modules per  month. The hy br id  c i rcu i t s

will conform to Electronic  Command Technical Requi reme nt SCS5O3 , and the

MM&T projec t  will be conducted in accord with E lect ron ics  Command

Industr ial  P rocu remen t  Requi r e m e n t  Numbe r 15.

xiii / xiv 
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1. NARRATIVE AND DATA

This first quarterly technical report on the MNOS BORAM MM&T project

describes the device and the related state of the ar t  at the s ta r t  of the pro-

gram.

1. 1 DEVIC E CONSIDERATIONS

The end product of the MM&T project  is a 16-chip hybrid micrccir cuit.

Each chi p is a 2048-bit MNOS inte g rate d circuit .  The emp hasis of the pro-

ject  is on the achievement of low cost manufacture of this relative fast

read/write MNOS component. This report  provide s back ground information

on chip manufacturing conside rations. Later reports will examine the

details of hybrid circuit fabrication.

1. 1. 1 Transistor Structures

MNOS BORAM integrated circuits used during this project contain a bout

5000 transistor structures. Understanding and control of t rans is tor  char-

acte ristics is fundamental to achievement of the project goals.

An MNOS nonmemory transistor performs the same type of functions as

a conventional MOS transistor. The physical form of the MNOS device is

similar to the MOS device, except that the insulator region is composed

of two dielectric layers. The MNOS BORAM nonmernory t rans is tor  has

• 800 angstroms of oxide (Si0
2
) adjacent to the silicon, and 450 angstroms

of nitride (Si
3
N
4) 

over the oxide.

Two types of memory transistors have been used in previous MNOS

work at Westinghouse. Figure 1-1 compares the so called unprotected

and protected transistor structures. The major physical di ffe rence  is that

the thin 15 to 25 A tunneling oxide does not overlap the P+ diffusions in

the drain source protected (DSP) device.

1— I  
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U n p r o t e c t e d  t r a n s i s t o r s  e x h i b i t  • r -  d’ -~~r a d a tj o n  w i t h  us e . A : t . - r about
10 e r a s e — w r i t e  cy c l e s  t h e  

~~Hc a n d  V
LC 

s t a t ~~ cannot  he ( s t 1 n ~~~u~ ~ - d .
This  class of t r a n s i s t o r  is a l so  d i f f i c u l t  to emp loy in in t e g r a t ~ d c i r e .~ i’

a r r ay s  because  of de ple t ion mode o p e r a t i o n  while in the h i g h  c o n d u c t io n

state .

The DSP transistor was invented at Westinghouse by 3. R. Cricchi . It

has been shown to provide reliable memory operation beyond 10
11 

erase-

write cycles. The central device design concept was to protect the thin

oxide from stresses associated with material imperfections and/or electric

fields. The thick nonmemory oxide employed close to the source and drain

determines the gate breakdown potential. Junction fields do not affect the

stability of the tunneling oxide.

The DSP device can be thought of as a memory  t r a n s i s t o r  in s e r i e s  with

two nonmemory transistors as shown in the equivalent circuit of figure 1-4

(B). The P-channel enhancement mode nonmemory transistors determine

the high conductance state of the DSP structure , and therefore , the DSP

device is confined to enhancement mode operation. In large integrated

arrays this is an important feature. Interconnection schemes for erase ,

write , read and standby can be achieved without contending with difficult

parasitic current problems.

Some of the advantages of the DSP transistors can be summarized as

follows:

a. Reliable memory operation for > 10 
11 

high field erase write

cycles can be achieved

b. Enhancement mode operation allows the parallel connection of

transistors in large arrays in a manner compatible with read circuitry

c. Drain and source breakdown voltages are increased to that of con-

vent io nal nonmemory  t r a n s i s to r s

d. DSP t r a n s i s to r  gate capaci tance is reduced to about 2 5 p e r c en t  of
un p r o t e c t e d  t r a n s i s t o r  gate c ap a c i t a n c e .  This  allow s four  t imes  as n~anv

1-2
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Transistor Structures
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DSP d e v i c e b  to be d r i v e n  in para l le l  in an a r r a y  with  equ iva len t  r e sp onse

t imes

e. DSP t r an s i s t o r  gate  to s o ur c e  cap~ c i tance  is m u c h  sm a l ler  t h an

that o f u n p r o t e c te d  t r a n s i s t o r s .  Address  voltage fe e d th r o ugh  to m e m o ry

detec t ion  c i r c u i t ry  is r educed .

1. 1 . 2 BORAM In t eg ra t ed  C i rcu i t s

At West ing house , BORAM i n t e g r a t ed  c i r c u i t  d e ve l o p m e n t  has  been con-

c u r r en t  wi th  m e m o r y  s ys t e m  deve lopmen t .  As a r e s u l t  the  bes t  charac-

t e r i s t i c s  of the NINOS t echno logy  have been intell igently applied to achieve

computer  secondar y s to rage  r e q u i r e m e n t s .  Chip des i gn c o n s i d e r a t i o n s  wi l l

now be b r i e f ly r ev iewed , and the  two i n t e g r a t e d  c i r c u i t s  to  be f a b r i c a t e d

during this project ~vi1l be described.

1.1.2.1 Chip Organizational Advantages

To achieve cost effective performance , a solid state computer secondary

storage unit mus t provide fast write and read capability. RA M  organized

MNOS ele ctricall y alterable memory chips are incompatible with  this app li-

cation because millisecond write times are required. To overcome this

limitation , MNOS BORAM chips are designed for 10 to 100 mi c r osecond

write times , and operate in parallel on blocks of data to provide adequate

data rates .

A BORAM chip contains a fully decoded random access m e m o r y ,  and a

shift register for data I/O . A single read or write involves the transfer of

many bits in parallel into the shift register. The contents of the shift

register may be shifted at megahertz rates. This arrangement allows the

MNOS R A N I  to operate at modest speeds compatible with high-yield produc-

tion , while the shift register maintains the  h i g h — b i t  t r a n s f t ’ r rate reqUire (1

by the application.

Experience with volatile semiconductor RAM production has shown  that

y ield to dynamic  r e sponse  c rite n a  such  as access t inw is a n i a t o  r i m p act

i t em.  MNOS I3ORAM dev ice s  should s u f f e r  v er y  l i t t l e  p r o d u c t i o n  lo s s  t o

1-4
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dynamic criteria . The chip circuitry when operating in a secondary storage

unit will neve r be requ ired  to operate near the performance limits of the

• device.

1. 1.2.2 Chip Design Evolution

MNOS BORAM chip development has been a process of continuous

simplification and refinement over several years. Initial designs required

two level metalization and sing le t r a n s i s t o r  cells to achieve produceable

die sizes. Attempts to manufacture  these  devices led to identification of

critical circuit and process problems. Successive designs eliminated and/

or avoided these difficulties (table 1—1).

The most successful design prior to this project was the BORAM

• 6000C. It employs a single-level metal in terconnect  and a two t r a n s i s t o r

cell. The two-transistor cell has proven to be a major factor in high-yield

• production in the presence of variability of transistor characteristics. It

has also improved the oppo rtunities for thorough test of the memory array,

and provides longer effective data retention times than single t r ans i s to r  cells.

Recent design studies have identified ways of achieving smaller cell sizes

without resorting to yield impacting layout ru les .  As a resu l t , the BORAM

6002 chip which has only 46 percent of the area of the 6000C has been estab-

lished. It is this device which will be placed in pilot p roduc t ion .

1.1. 2.3 BORAM 6000C

The 6000C chip provides 2048 bits of nonvolatile data s to rage .  It is

intended for  app lication in computer secondary s torage sys tems , and is

normally packaged in multi-chip hy brid fo rm.  Figure  1-2 shows the die

and ident i f ies  the bonding pads.  Pads are  greate r than 5 mils 2 , and a r e

located on opposite sides of the die.  The chip measures  163 by 169 rnils .

A glass overcoat  guards aga ins t  s c ra t ches  due to handl ing .  P r o t e c t i v e  de-

vices on a ll input s avoid damage by static charge .

As shown in f i g u r e  1-3 , the chip conta ins  a ful l y decoded 6 4 - w o r d  by

32-bi t  random access  memory  and two d ynamic 2 -p hase  lb - b i t  sh i f t

1 — 5
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TABLE 1-2

CHIP EVOLUTION - PROCESS AND TOPOLOGY SIMPLIFICATION

DEV I C F FIELD T HRESHOLD DIE S IZE MA SK INC ~.1ETA L T RAN SISTO~~\ LV B ER SUPP RESS ION APPROACH m~J~ OP E R ~~~ PONS L~~V E R S 
J~~~~~

R CELL

6000 N d ~ t~~ d sh,eld 154 ~ 175 11 2 ] 1

6000A N I t r O e  t !e,u sn,eld 
~~, 154 170 12 2 1

6000~ ion r y d 1  154 170 2 1

60009 ChJnne ~l r ~,e’s 151 * 8 1 1

S000C C~ j nnei stoOpers 163 169 8 1 2
6002 ‘on Im~ la~ t 99 125 9 1 2

‘5 1105 V- ~ 3 2

registers. All data I/O takes place serially throug h the s h i f t  r e g i s t e r s.  The

RAM and the shift registers may operate independentl y. Data is t r a n s t e r r e d

in parallel between the RAM and registers via a 32-bit latch. Data output

d rivers  a re  t h r e e - s t a t e  devices capable of s inking a low powe r Schott k y load.

When wr i t t en  with a 100-microsecond MW pulse the  6000C n-iinimurn wi-

powered re ten t ion  time is 4000 hours .  Data may be a c c e s s e d  a minimum of

2 x 10 11 times without refresh.  The chip is intended to be used as a read !
wri te  m e m o ry ,  and it may be erased  and w r i t t e n  at leas t  10 10 

t i me s .  In a

normal BORAM sys tem app li cation , it wo uld r e q u i r e  about 100 y ea r s  of

continuous opera t ion  to accumulate 10 10 
cyc les.

The 6000C has been operated over the -55°C to ~ 12S° C t em p e r a t u r e

ra nge.  The c i r c u i t  des i gn to le ra tes  chances  due to t e l 1 p c r a t u r e  and is a lso

in s e n s i t i v e  to v a r i a t i o n s  in power  supp ly vo l t ages .

1
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1 . 1 .2 . 4 BORAM 6002

The 6002 design has resulted from studies of how to simp lify and shrink

the 6000C. From a process viewpoint, it was decided that the added corn-

plexity of an ion implant to establish field thresholds would save sufficient

die area to provide a net cost reduct ion.  From a layout viewpoint , it was

noted that the use of two address  decoders with interleaved row geometry

would grea t ly reduce the memory a r ray  area .

Circui t  fu.nctions were  studied to establish whether  simp lification could

save die area and/ o r  reduce BORAM memory system complexity.  Figure

1-4 shows that the revised circuit  uses one 32-bit shif t  r eg i s te r , and re-

quires onl y 15 pins.  All inputs are  CMOS compatible.  Address  input s a r e

multiplexed to save pins.

The die area reduction e f fo r t  has been very  success fu l .  Figur e 1-5

shows the metal inte rconnect  pat tern  for  the chip. The die measu re s  128

by 99 mils . This is 46 percent  of the 6000C a rea .  Major cost  savings a re

ex pected to result  because of great ly increased yield pe r cen t ages , and be-

caus e of many more die per wafer .

1. 2 BORAM CHIP FABRICATION

The previous discussion has treated the na ture  of MNOS and MN OS

BORAM devices. Now the fabricat ion sequence will be considered . The

6000C chip will be reviewed first. Process changes for the 6002 are then

explained. Finally the memory insulator processing will be examined.

1.2 .1 6000C Processing

BORAM 6000C chips are fabricated using a simple 7-active mask plus

scratch protection process. This is the simplest known approach to NINOS

BORAM chip manufacture, and has demonstrated high yield potential.

Finished MNOS BORAM parts have a single level of metal for interconnec-

tion and use N+ channel stoppers in field regions . The process sequence is

a variation of conventional P-channel enchancernent mode MOS processing.
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DW DR

76-0766-VA-5-l

Figure 1-4. BORAM 6002. Functional Block Diagram

Two objectives were kept in mind during the development of the MNOS

BORAM wafe r processing sequence. The first was simplicty -- reduce the

sequence to the minimum number of maskin g s and avoid y ie ld impact ing

topological features. The second objective was to use only well known and

characte rized individual p rocess  steps. By doing this , the risks in line

s tar tup  would be minimal.

Figure 1-t provides a simp le concept of how mater ia l  flows during  ~‘~~~OS

BORAM fabr icat ion.  The characterist ic  cyclic nature of semiconductor

manufac ture  is evident . A wafer  is f i r s t  p repared  b y some p hoto a n d/ o r

chemical process  step , and the n it is given some t r e a t m e n t  which  modi f ies

the sur face  s t ruc tu re  of the w a f e r .

The modification opera t ions  a re  oxide g r o w t h , d iff u s ions , and de posi-

t ions .  These stat ions see the wafe r onl y one t i me  d u r i ng  fabrication. The

photo li thog rap hic , e tc h ing  and c lean ing  proces  st’ s see  the  ~v a f e  r m a ny  t i m  t s
Photo p roces s ing  exper i ences  the  hig h es t  wor k load v o l u ni e .

1- 10
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Figure 1—6. Cyclic Wafe r Processing Flow Patte rn

MNOS BORAM starting mate rial is a <100> silicon epitaxial wafer .  The C

15 -3subs t ra te  is 20 to 40 ohm cm. An N typ e 1.0 cm epitaxial layer 14

microns thick exists on the process ing surface .  Fi gure 1-7 shows the

process  sequence. Cleaning processes  are descr ibed in table 1-2. Figure

1-8 il lustrates how the wafe r cross  section is modified afte r various steps.

Table 1-3 summarizes the va rious insulator thicknesses.

Cycle s (~i~ to fo rm the P , N+ and P~ diffused layers.  Conven-

tional deposition and drive sequences are employed. Table 1-4 summar ize s

the diffusion conditions. Cycle forms the non-memory t r ans i s t o r  gate

oxide . This heat t rea tment  also continues the p+ drive .

Cycle is the hear t  of the MNOS process .  The memory  oxide and

nitride layers  are formed.  Control of the tunneling oxide and the n i t r ide  a re

critical to achievement  of p rope r memory characte r is t ics .
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TABLE 1-3
.

MYOS BORAM ~000C S T R U C T U R E

Topo logical Nominal Thickness
Region of Chip Material (angstroms )

• Silox 10,000
• Metal 10 ,000

Field Region . Silox 8,000
• Nitride 450
• Oxide 800

• Silox 10,000
Nonmemory • Metal 10,000
Gate Region . Nitride 450

• Oxide 800

• Silox 10,000
Memory . Metal 10,000
Gate Region • Nitride 450

• Tunneling Oxide — 020

76-1 139-TA-18

TABLE 1-4

SUMMARY OF DIFFUSIO N STEPS FOR MNOS BOR AM

________ 
Deposition 

__________ _______ 
DrIve 

_________

Diffusion Dopant Temp Preheat Dep Flush Temp Wet Dry
(°C I (minutes) (minutes) (minutes) ( °C) (minutesi mIflutesi

Isolation Boron 1150 5 30 1 1200 10 510

Phosphorus 950 5 14 1 1000 90 5

P+ Boron 1100 5 15 1 900 20 0

76 1129 T~. 19
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P iso d iffu sioi i

N EPI (, J N EPI

1 & 2
P substrate

N+ contact
Diffusion

3

P+ Source - Drain
_ _ _  Diffusion

4

gate oxide

‘._J ‘._J L.J 
~ ) 

U L~J ‘._J

5

Nitr ide memory transistor

~~~~~~

6 & 7 ‘‘ I~. J
Silox pass ivation Alum inum

8, 9. 10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Memory
Non . memory Cansi st or
transistor

76 0215 VA 17 - I

F i g u r e  1— 1 . Sequent ia l  Cross  Sec t ion  of BORANI 6000C
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C~~ le opens c o n t a c t  windows to si l icon b y a 2 - st ep  e t ch ing  p r o c es s .

T~~e con t ac t  pho to rnask  is used to e tch  t h r o u g h the silox l a y e r .  P h o t o r e s i st

is then removed , and the silox layer  se rve s as a mask for  the n i t r ide  e tch.

This  leave s the gate oxide stil l  in contact  windows .

Cycle (
~ applies photoresist everywhere except in the gate and contact

windows. The contact windows on mask ô a re  purpose l y de fined as smal ler

than the contact windows on mask 5. This forms a stair step structure for

metal cross-overs going down to the silicon. An oxide etch is p e r f o r m e d

which removes the silox ove r gates and removes the thermal oxide over con-

tac ts .  Then an alum in um-si l icon layer is deposi ted  ove r the wafe r .

Cycle ~~~ de f ines  t he aluminum i n t e r c on n e c t  pa t t e rn , s in t e r s  t he con-

tacts to silicon , and overcoats the wafer with  s ilox .  Finally cycle

concludes t he sequence  by removing the silox ove rcoa t  f r o m  the bond i rg  p a d s .

1. 2 . 2. 6002 P r o c e s s i ng

The proposed BORAM 6002.  chip p r o c es s  is i den t i ca l  to the f a b r i c a t i o n

used for the 6000C except for an additional ion implantat ion ( s t e p  6) w h ich

controls inversion in the field regions. This eliminates the use of diffused

channel stoppers and helps to reduce the overall size of the chip. Fi g u r e

1-9 shows the process sequence.

1. 2.3 Nitride Processing

The p re sen t  sys tem used for  deposition of the s i l i con -n i t r i de  laye r is an

Applied Mater ia ls  Corpora t ion  model A M V I Z O O  r eac to r  shown in f i g u r e  1-10 .

The reactor  chambe r is shown in f i gu re  1-11. The ver t ica l  ro t a ry  r e a c t o r

( VRR)  consis ts  of a quar tz  bell j a r  that seals to a water  cooled base pla te .

Wafe r s  a r e  p r o c e s s e d  in a c i rcular  suscepto r shown in f i gu re  1— 12 . The —

susceptor is ii~- ated inductivel y by a profiled RF coil.

As shown in t h e  reactor diagram , reactant gases enter the c h a m b e r

through the base plate . Th~’ gases flow upward and mix w i t h  partiall y

acted gases recirculating in an overall toroidal gas flow pattern. The m i x i n g

pattern preheats the incoming gases and lowers reactant supe r saturat ion in

1-17
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Figure  1-12 . Graphite Susceptor Used  for  N i t r i d e  Depo si t io~-i

the gas near  the wafe r  su r f ace~. . Film grov~t h t akes  place in an en v i r on -

rnent much c loser  to chemical equi l ibr ium than in h o r i z o n t a l  gas f low r e a c t o r s .

N i t r ide  deposi t ion  is the s ing le mos t c r it i -~~l p r o c e s s  in the  NIN OS BO R ANI

fabr ica t ion  si 4u e n e~~. As such , t is undergoing  a t h r o u g h review.  Both
C t he p re sen t  process and a var ie ty  of a l t e r n a t i v e s  a re  b etng examined .

Tes t  w a f e r s  a r e  used on a daily bas is to moni to r  the qual i ty  ol the

tunneling oxide and n i t r ide  composite s t r u c t u r e  (A nonmemory  m o n i t o r

wafe r  is also maintained) . Three  CV plots a re  p repa red  for  each tes t

ca pacitor a f t e r  subjec t ing  the capaci tor  to a p recond i t ioning  pulse sequence .

a. -20 volts 10 sec ( sa tu ra t ed  w r i t e )

b. +2.0 volts 10 sec ( s a t u r a t e d  c l e a r )

c. -20 volts 10 sec

~ (pulse c l ea r )+25 volts 100 usecj

1— 2 1  
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1.3  PROCESS EXPERIMENTS

During thi s phase of the MM & T projec t , individual p roces ses  a re  to be

examined to improve control and optimize set points for  maximum yield.

The most cri t ical  processes  f o r  MN OS BORAM manufacture  are  the forma-

tion of the tunneling oxide and the nitride layer.  The results  of p roces s ing

are  best revealed in the characterist ics of the t ransis tor  s t r u c t u r e s .  F rom

the viewpoint of overall LSI circuit processing , the status of the line is best

s u m m a r i z e d  by measurement  of final product defect levels.

P r og r e s s  in optimizing processes  during the past quarte r has been

hampered  by nitr ide deposition equipment problems , an d by t e s t  equi pment

prob lems .

1. 3. 1 Nitride Control

Nitr ide  processing was disrupted several  times during this  per iod by

equipment p rob lems .  in one case , a faul ty  mass flow control le r on the

silane input line gave difficulty.  In a separate incident ,  cont amination was

encountered  in the n i t rogen  lines. In spite o I t h e s e  p rob lems , a nuniber  of

ex per iment s were  car ri ed out to explore process  va r i a t ion ,  and to locall y

optimize set points.

N it r ide de position is be lieved to be the singl e most c r i t i ca l  p rocess  in

the MNOS BC&AM fabr icat ion sequence.  Practical memory a r r a y s  opera te

with fixed ex t e r n a l  vol tages.  A change in nitride th ickness , t h e r e f o r e ,

means a change itt the initial electr ical  field ac ross  the tunneling oxide .

Thin n i t r ide  can allow the tunnel ing layer to be o v e r s t r es s e d ,  and will lead

to device degradat ion .  The switching p rope r t i e s  of the memory  t r a n s i s t o r

depend on the nature  of the tunnel ing layer  and ~he n i t r i de  t r a p  s i t e s .  These

charac ter i s t ics  are sensi t ive  to ni t r ide p r o c e s s i n g  condi t ions .

Auger  e lectron spectro scopy and ion beam mass  spec troscopy  have been

used to d e t e rm i n e  the e lementa l  composi t ion of the MN OS BORAM n i t r i d e

fi lm and tunnel ing  l ay er .  A va r i e ty  of samp les have been p r ep a r ed  to

exa mine the e f f e c t s  of a l t e r n a t i v e  c leans  and p rocess  c o n d i t i o n s .  At  th e
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time of thi s wr i t ing , the data had not been proper l y organized for  presenta-

tion. These resu l ts  will be included in the next qua r t e r ly r epor t .

In addition to the above studies , some ni t r ide  filrr l samp les were  sen t to

Sandia Labora tor ies  for  analysis.  Dr. Paul HoP~..way of Sandia coordinated

the anal ys i s , and reported the resul t s  in a le t ter  as follows: “No contaminants

other then C and 0 were observed , and I believe C is and a r t i fac t.  The

0-level was measured  at — 0.  3 atom percent .  . .
Nitr ide  thickness  control  is a point of some conc e rn.  It is desirable to

mainta in  as tig ht a distribution of thickness variation as the s t a t e -o f - the -a r t

will allow. Toward this end the limitations of the p r e sen t  nitride p rocess

a re  being doc umented , ways for  improvement of control a r e  being exp lored ,

and t he mer i t s  of a l te rnat ive  processes  are being evaluated.

For the MM~CT p roject  t h r e e  m e a s u r e s  of th ickness  d i spe r s ion  will be

com puted: the s tandard deviation , the coef f ic ien t  of var ia t ion , and the

ran ge divide d by two t imes the mean. This latte r measu re  is in use  by

e quipment  manu fact u r e r s , and has been used in the lab because of computa-

t ional ease.

This last measure  requi res  some comment to c lar i f y its s ta t i s t ica l

meaning. The lab procedure  for  jud ging the un i fo rmi ty  of a sample u s e s

the maximum and minimum thickness measurements .

~~~ variat ion = (X n (max) - X
n (min))/ (X (max) + X (mm ))

For a sample size of 20 and a normal d is t r ibu t ion , the expected

value of the ratio of the range R to the un iverse  s tandard  deviation ~ is

3. 7 5 .

X ( max) - X ( m m )  R 3 . 7 3 5
_________________  

_ —a- — “~~~~~~ - 1 8 6 5X (max) + X (mm ) 2~~ 2~~ 
- 

X
n n n n n
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Thickness  m e a s u r e m e n t s  a re  p e r f o r m e d  in the cen te r of each w a f e r

to de te rmine  within run un i fo rmi ty.  The vert ical  rota ry reactor  ( V R R )

p r o c e s s  was found  to exhibi t  ti g ht cont r ol fo r  short  pe riods of t ime , and

then va riabili ty beg ins to i nc rease .

- ±R /2X ±S ±5 /XVar ia t ion  n n fl n n

within run ± 16. 5~ o ±3 6. 5A 8 .5%

run- to- run  ±33. 2% ± 107 . OA ± 2 . 3 . 5 %

This variabili ty is not seen by the final p roduc t  because  of r e w o r k

cycles , but it is desirable to avoid rework th roug h ti gh t e r  con t ro l. Several

causes  of the var iabi l i ty  and d r i f t  have been ident i f ied, and a r e  be ing

studied fo r  possible co r rec t ive  action.

Individual wafe r s  have been measured on the ell ipsometer  to d e t e r m i n e

thickness variations ac ross  a wa fe r .  Figure 1-13 shows the results for two

parti cular wa fe r s  chosen at random from a nitride run.  Wafe r A was pro-

cessed in the outer  ring of the susceptor .  Wafe r  B was pos i t ioned in the

inne r r ing.  Thickness was measured  along the wafe r d iameter  pe rpend icu la r

to the flat .  In general , the thickness  measured at the center  of a wafe r tend s

to be the minimum thickness.  Microscopic examinatio n of th e waf e r  su r f ace

shows no abrupt f e a t u r e s .  The thickness variation can sometimes be seen

as a slight d i f f e r ence  in color.

Table 1-5 shows the thickness readings obtained fo r  one part icula r VRR

deposition. This run was pe r fo rmed  using a new susceptor.  It is char-

ac te r i s t i c  that variabil i ty will increase  as a susceptor  ages . This is believed

1-2 4 
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Figure  1-13. Ni t r ide  Thic kness  V a r i a t i o n
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TABLE i - S

NITRIDE T I-UCK~~ESS FOR VRR MONITOR RUN

SUSCE PTOR WAFER THICKNESS STATIST ICAL
RING SL OT (A NGSTROMS I SUMMARY

1 420.8 Inner Ring
2 380.6 X~ = 397 .6
3 397.8 S~ = 12.4

INNER 4 ’  392.0 Sn ~~~~~3 1 °~5 394 .9
6 393.4
7 403,7
8 443.6
9 426.6 Outer Ring

10 4 1 1 1  X~~= 403.3
11 402.1 S~~= 20.4
12 393 .7 S~ ~~ 

= 5.1%
OUTER 13 403.6

14 380.2
1 5 377 .4 Enti re Susceptor
16 376.0 X n 4Ol.4
17 41 5.0 S~~= 18.0
18 377 .3 5n X~ = 4 5%
19 407.8
20 415. 7

________________ 21 416.0 _________________ 76 - 1 139-TA 8

to be a function of emissivity and/or changes in thermal characteristics

as the susceptor accumulates a nitride coating .

An alternate ni t r ide  deposition process  shows promise of much improved

thickness control. Vendors of low pressure chemical vapor deposition sys-

tems (LPCVD) are  claiming typical unifo rmity specifications of:

• within a wafer  ±5% to ±3%

• within a run ± 5% to ±2%

• r u n - t o - r u n  ± 5% to ±2%

An LPCVD system involves a conventional  d i f fus ion tube a r r a n ~ e i i i e n t

with about 100 to 200 w a f e r s  in a ladder typ e boat. M a n u f a c t u rer s  c la im le s s

than 2. pinholes for  a 3-inch wafe r , index of r e f r a c t i o n  of 2 . 0 0  ± 0 . 0 2 , and

reduced operat ing cos t s .
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Cu rrently, LPCVD sys tems are  being evaluated for  p r o c u r e m e n t  and u se

in the MN OS BORAM pilot line. Individual wa fe r s  have been p r e p a r e d  us ing

the VRR and LPCVD systems to compare un i fo rmi ty .  Table 1-6 show s a

typical resul t  for  a nominal 960-angs t rom film . The th ickness  var ia tion ui

the LPCVD samp le is less  th an 27 pe rcen t  of that  fo r  the VRR samp le. The

meas urements  were  taken at five equally spaced points on a d iamete r of the

3—inch wafe r s .

Other LPCVD wafe r evaluations have confirme d that capacitors exhibit ade-

quate , and uniform saturated and pulsed memory threshold levels. Cur ren t l y,

BORAM 6000C devices are being fabr ica ted  to fur the r exp lore the capabi l i t ies

of this p roces s .

Threshold voltage windows and pulse response  are  another  d imension of

product performance which is sensitive to nitride processing conditions.

Several experiments have been per fo rme d on the VRR to locally optimize

process  set points for improvement of r esponse  c h a r a c t e r i s t i c s .  The m e-

suits of these investigations were  clouded by variabil i ty in res ponse assoc ia ted

with the VRR equipment problems mentioned p reviously. F igure  1- 14 shows

the res ult s of a search f or t he best  de posi t ion ra te  f or a specif ic  set of pro-

cess conditions. Experiments  of this nature will be continuing dur ing  the

next q u a r t e r .

1 . 3 . 2 .  Nonmemory T rans i stors

The nonmemory t rans is to r s t ruc tu re  depends on the quali ty of the t he rma l

oxide and the nitr ide layer .  The gate oxide process  is moni tored  dail y b y
process ing and per forming  CV measurements  on two w a f e r s .  The o b s er v e e

threshold voltages for  the past quarte r appear in f igure  t -15.  Moni to r  re-

suits serve as an alarm to the product  and p rocess  eng i n eer s  tha t  c o r r e c t i v e

action is needed.

Ni t r ide  deposition runs  are  also moni tored for  n o nm e m ur v  t r a n s i s t o r

cha rac te r i s t i c s .  Figure  1-16 provides a graph of nonmnemorv thr ,-shuld

voltage in a format similar to that for the oxide monitor.
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TABLE 1-6

WITHD W AFER NITR IDE VARIABILITY FOR LPC V D S~~~ I P L E  A’.: D A
V E R T I C A L  R O T A R Y  REACTOR SAMPLE

LPCV D SAMPLE V R RSA MPLE

‘.IEASUREME NT THICKNESS INDEX OF TH ICKNESS INDEX OF
POINT OR REFRACTION R E F R A C T I O N
STATISTIC (ANGST ROMS ) ( NUMERIC)  (ANGSTROMS ) NUMER(C)

956 2.02 1025.6 1.95
2 947 2.03 981 .9 1 .96
3 954 2.02 963 .0 1 .96
4 972 1 .99 944 .0 1.96
5 974 2.0 1 907 .5 1 .96

960.60 2.014 964 .40 1.9 58
S 11 .82 0.015 43 .90 0 004
3~~ 35,47 0.046 I 131 .69 0.013

~~~ ~~n 1.23% 0.7 1% 4 .55~ 0.22 8%
3S V 3.69% 2. 13% 13.65 % 0.685”~n n

X ,, (max)  X ,~ ( m m ) 
1 . 41% 0.995% 6. 11% 0. 256%

X ,, max ) •X n ( m m )

76-1 139-TA 9

1 . 3 . 3  Memory  T r a n s i s t o r s

To proper l y examine the per formance  of a memory t r ans i s to r , it is

necessary  to consider  several  d i f f e ren t  pa ramete r s .  For MN OS BORAM ,

t he major pa ramete r s  that are  monitored are VHC ( sa tu ra ted ) , VHC (pulsed) ,

V LC ( sa tu ra ted) , V LC (pulsed) , and re ten t ion s lopes.  These pa r ame te r s

are  to be obse rved  as a function of e rase  wr i te  cycles out to io lO 
accumulated

cycles .  In addition , the pulse response  curve s fo r  wr i t t ing  and clear ing

using various pulse widths are to be monitored.

The pr imary tool for  measur ing  these charac te r i s ti cs  is a special tes t

unit called the “VT tes te r ’ . At p r e sen t , the VT tester is in the final de-

bugg ing s tages , and needs some c i rcui t  r e v i s i o n .  P e r s o n n e l  w o r k l oa d

sc hedule confl ic ts  have delayed that e f f o r t .  It is expected that  the  next

quarterly repo rt will contain test r e s u l t s  to d o c u m e n t  the  a c c ur a cy  and pre-

cision of the VT t e s t e r .
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A c t i v i t y  d u r i n g  th is  q u a r t e r -  has been  o r i e n t e d  t o w a r d  e s t a b l i s h i n g  the

c ap a b i l i t y  and p r o c e d u r e s  f o r  r o u t i n e  c o l l e c t i o n  of i n f o r m a t i o n  on m e m o r y

t r a n s i st o r  p e r f o r m a n c e .  P r e s e nt  concepts  of the  BORA~~1 pilot l ine call  f o r

f e e d b a c k  of p e r f o rm a n c e  data f r o m  t h r e e  m a j o r  s o u rc e s .

The  e a r l i e s t  point  of data col lec t ion  is d e r i v e d  f r o m  the CV t e s t s  pe r-

f o r m e d  on m o n i t o r  w a f e r s  a ft e r  n i t r ide  depos i t i on .  CV m o n i t o r s  have p r o v en

to be a sen si t i ve  i n d i c at o r  of p r o c e s s  p r o b l e ms .  The r e c e n t  bo ut of VRR

equ~p~n en t  d i f f i c u l i t i e s  was r e f l e c t e d  in the m a g n i t u d e  of the  p u l sed  c l e a r

t h r e s h o l d  vol tage o b s e r v ed  on the m o n i t o r s .  F i g u r e  1-17 shows the re-

cove ry  of ti le c l e a r  level  when  c o r r e c t i v e  act ions  w e r e  comp le ted  on 10

Oc tobe r  1~~76.

The second  source  of m e m o r y  t r a n s i s t o r  p e r f o r m a n c e  data is the wafe r

p r o b e  t e st  on the M a c r o d a t a  154 s y s t e m .  E a c h  BORAM die c on t a i ns  a d i s c r e t e

m e m o r y  t r a n s i s t o r .  The t h r e s h o l d  vol tage  at 10 m i c r o a r n p e r e s  fo r  tha t

t r a n s i s t o r  wil l  be o b s e r v ed  and r e c o r d e d  fo r  3 d i f f e r e n t  pulse cond i t ions :

a. - -2 .5  vo l t s , ZQ~ p.sec

b. -25  v o l t s ,  10 ~ sec

c. ±2.5 vol ts , 200 ~.t sec;  -25  vol ts , 100 ~isec

As d i s c u s s e d  p rev ious ly,  the t h i rd  sou rce  of m e m o ry  t r a n s i s t o r  data is

the VT t e s t e r .  A f t e r  w a f e r  p r o b e , sample dev ices  wil l  be packaged  f o r  de-

tai led anal y s i s .  The packaged  pa r ts  will  be r e t e s t e d  on the Macroda ta  154 ,

and then  pu l se  r e s p o n s e  and r e t e n t i o n  slope data wi l l  be ob ta ined  f r o m  the

VT tester. Individua l samples will then  fo l low a s p e c i f i c  t e s t  p lan.  Some

d e v i c e s  w i l t  be s u b je c t e d  to  e r a s e  w r i t e  cyc le  s t r e s s  w i t h  p e r i o d i c  r e t e s t .

Some p a r t  ~ w i l l  be r e s e r v e d  for long  t e r m  r e t e n t i o n  c h e c k s .  Oth.~’ r p a r t s

wil l  b~ p l~~c e i  u n d e r  v a r i o u s  a c c e l e r a t e d  s t re s s  c o n d i t i o n s  to e x am i n e  r e -

t e f l t l Q f l  p r u D e  r~ ie~ ,i~ id d ev i c e  f a i lu r e  r a t e .

1 . 3. 4 D e f e c t  ~~~~~~~~ l n . ’ t’ s t i g a t i o n s

s - r i ’ s  ~ t F i t e s  a r~ u n d e r w ay  to  m e a su r e  d ” t ’ c t  ‘: n s i t i ’s r e l , i r - n  t e

y ie ld  it  ‘.~~i t e r p r o be . The da t a  t r I m  ¶I1 . ’se ~t u r ~i . ’~ ‘
~~ i l l  b’ ‘

~~~~~~
- t t ’ ~ is
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engineer ing  effo rt where  the 1ar2 es ~ economic r e tu rn  may be obtained.  lri addi-

t ion , t h e  data wi l l  be used  to v a lid a t e  a n d/ o r  modi f y the m a t h e m a t i c a l  y i e ld

model  u s e d  f o r  BORAM c o s t  p r o  ec t~ o n s .

The defect density of final product is be ing  m e a s u r e d  at p r o b e  t e s t .  The

logic of the  t e s t  p r o g r a m  i d e n t i t i e s  and t a b u l a t e s  chips  wi th  an ape r a t i n g

shif t  r eg is te r . 1K of m e m o r y ,  and 2K of memory functional. The die area

for  eac h of these  c i r cu i t s  is known , and th e yie ld for  each c i r c u i t  can be

calculated f r o m  the tabula ted  pass fa i l  coun t s .  A s s u m in g  Bose -E ins t e in

s ta t i s t i cs  and a com mon e f fec t ive  defec t  dens i ty  for  all c i r cu i t s  on the wafe r ,

a c o m p u t e r  data r educ t ion  p r o g r a m  can p r o v i d e  a d e f e c t  d e n s i t y  e s t i m a t e .

The report generation computer program is c u r r e n t l y be ing  p r e p a r e d .

The pLan is to p rov ide  the de fec t  d e n s i t y  and y ie ld  i n f o r m a t i o n  f o r  each w a f e r ,

and for each lot . Lot s u m m a ry  numbers will be saved in a master file for

line t r end  anal y s i s .

The ‘p r imary  tool f o r  g a t h e r i n g  d e f e c t  d e n s i ty  info  r n ia t i on  fo r  s p e c i f i c

aspec t s  of the f a b r i c a t i o n  s equence  is visua l i n s p e c t i o n .  As a s t a r t i n g  point ,

a samp ling plan has  been  e s t a b l i s h e d  f o r  i n s p e c t i o n  of ph o t omask  w o r k i n g

plates for the 6000C chip.

Eig ht masks  out of eve ry  box of 30 p lates a re  being examined unde r l O O N .

The 38-die posi t ions in the c e n t r a l  por t ion  of the mask  a r e  being i n s p e c t e d ,

and defect counts are  r e c o r d e d  on a w a f e r  map.

At a l a t e r  date this  e f f o r t  wi l l  be ex tended  to othe r a r e a s  of mask  m a k i n g ,

and to p roduc t  in the l i ne ,  inspec t ions  will  be repeated to d e t e r m i n e  the

im pact  o f p roce s s  changes .

1 — 3 3
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1.4  P R O D U C T I O N  A C T I V I T Y

A c t iv i t i e s  fo r  th is  f i r s t  q u a r t e r  of the  .\ IM~.T  P r o j e c t  v , e r t ~ d i r e c t e d  a t

establishinLt schedules and m i l e st o n e s , a s s i cn i n ~.t p e r s o n n e l  r e s p o n s i b i l i t i e s ,

c rea t ing  the p roduc t  documenta t ion  packa .~e , in it i a t i n C the p r o d u c t i o n  and

e ng i n e e r i n g  i n f o r m a t i o n  sys tems , al lo c a t i nc  equi pment , s e t t i n g  ip p r o c e s s e s

H and tes t  p rograms , an d in i t ia t ing  produc t ion  runs.  F i r s t  p r o c e s s i n~ lots

were  completed and t e s t i nc  s tar ted  d u r i ng  this period.

1. 4. 1 Engineer ing  Sample Fabr ica t ion

A production plan to satisfy requirements for Engineering Sample 1 and

2 was formula ted  as one of the f i r s t  i tems a f t e r  con t r ac t  award .  K ey  a s p e c t s

of the plan involve wafer starts , daily p r o c e s s  cycles , wa fe r s  comp leted ,

and chi ps completed. These items are  d i sp la yed in table 1-T wh ich  shows

the planned ve r sus  actual  quant i t ies  as of the quarter ending date. The

def ic i t s  f r o m  p lan to actual in the ‘ p r o c e s s  c y c l e s ’ and ‘w a f e r s  comp leted’

cate’:1o r ies a re  due to s i l i c o n - n i t r i d e  depos i t ion  equi pment  pr o b l e m s  w h i c h

resul ted in a “hold” on w a f e r  lots p r i o r  to tha t  s tep in the p r o c e s s .  .\s til e

“ comments ” colu mn indicates , a s igni f i can t  i nven to ry  of w a f e r s  has  ac-

cumulated at this  step.  Table 1-8 shows  the i n - l i n e  i n v en t o r y  s t a tu s .  A s

of this w r i t i n g ,  the equipment  problems have  been e l iminated and p r o c e s s

con trol  r ees tab l i shed  which will  allow a r e sumpt ion  of work  in Oc tobe r . A

make -up  s c h e d u l e  wi l l  be e s t ab l i shed  in o r d e r  to mee t  o r i t i n a l  s c h e d u l e

milestones.

1. 4. 2 Process Moni tor ing

In o r d e r  to de te rmine  cr i t ica l  p rocess  r e p r o d u c i b i l i t y c o n t r o l c h a r t s

have been i n s t i t u t e d .  These  char t s  a re  i n t e n d e d  to supp ly 1on~ t erm p~~~~ ’~~
variability information as well as to i nd i ca t e  loca l ized  “ o u t - o f - c o n t r o l ’  con-

ditions.  The c h a r t s  a re  mainta ined by Qua l i ty  Con t rcl  p e r s o n n e l  and a r e

1-34
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r,’v~ e’,v, ’d r e g u l a r ly  by Qu a l i t y  C o n t r o l  E n g i n e e r i n g  and \L\l~ T p r o j ec t  tu1 ’~~1-

n e ,  r s .  The p r o c e ss e s  c u r r e n t l y m o n i t o r e d  a r e  as f o l l o w s :

~~~. I s o l at i o n  D ep o s i t  - p e. P+ D e p o s i t i o n  -
b . ~~~i~ atiori D r i v e  - p , N , f .  P+ D r i v e  - p , N .

S J S .1
c. N Depos i t ion  - g. Date oxidat ion -
d. N~ D r i v e  - p , N , h. Si N - t , j . R .

S ,3 3 4  0

i .  Meta ll i za t ion  - t

In a d d i t i o n  to these  c h a r t s ,  p r o j e c t  e n g i n e e r i n g  p e r s o n n e l  a re  a c c u m u l a t i n g

data r e g a r d i n g  p roce s se s  under inves t iga t ion  fo r  mar i fac turabil i ty  im prove-

ment .  These  involve pr i m a r i ly  those  p roce s se s  assoc ia ted  with the fo rma-

t ion of the n o n m emo r y  and m e m o r y  t r a n s i s t o r  c h a r a c t e r i s t i c s .

1. 4. 3 Process Experimentat ion

All si g n i f i c a n t  ex p e r i me n t a t i o n  f o r  the  per iod  has been d i r e c t e d  at

i den t i f y ing and c o n t r o l l i n g  the p r o c e s s  v a r i a b l e s  wh ich  a f f e c t  the cha r-

a c t e r i s t i c s  and r e p r o d u c i b i l i t y  of the m e m o r y  gate  s t r u c t u r e .  Data  has been

col lec ted  on seve ral app roaches  to the  f o r m a t i o n  of thi s s t r u c t u r e .  S u f f i ci e n t

data  f o r  s e l e c t i o n  of a bes t  a p p r o a c h  has r ot  yet  been g a t h e r e d .  The p r i m a r y

areas under investigation w e r e  s u m m a r i z e d  in p a r a g r a p h  1. 3. 1 above -



TABLE 1- 7

ST ATUS OF B O R AM  EN G L\ E E RI N G  ~~~~~~~~~~ 1 P R O D U C T I O N

Ev ent -J Plan 
~ 

A cti~~~ J 
Comments

A v ’ . Dail y St arts 3 1 3.5
Cum Da~Iy Starts t h r u  9 30 76 180 212
Avg. Dail y Process Cycles 20 14
Cum Process Cycles thru 930  76 1000 712 As of 10 1 2 76 , 105 wafers  a r ’

m v  at SiN dei .
Ave . Dail y Wafers Completed 2 0.725
Curn Wafers Comp leted 930 76 78 29 Hold  at S\ Dep. c rcv ent ~”r

comp le t in g  ~~~~f e rs

Corn Chips W afer Probe 9/30/76 370 0 76 Complete as o~ 70 12 76

76 1139 “'A 14

TABLE 1-8

INVENTOR Y STATUS (9/30/76)

Station Code Quantity ‘H. of Process Cor’u

Ciu Laser 120 10 0
N+P hoto 151 15 20
Phos Dep 160 13 25
Vem Photo 191 9 43
SiN De ir  200 84 50
Test 271 29 93

761139 TA 15
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2. CONCLUSIONS

The MNOS BORAM manufacturing methods project is p r o g r e s s i ng  accord-

ing to plan. Engineering objectives are being achieved. Equipment problems

arid electrical test  delays have caused an approximate three week schedule

slippage.

The production line has been defined and manufac tur ing  documenta t ion

has been reviewed. Process controls have been reviewed and refined. Pro-

cess variability is currently being characterized , and actions to achieve

improvements are being studied.

The most negative occurence during the quarter was a series of equip-

ment problems with the vert ical  n i t r ide  reactor . These i tems have been

corrected.  The most positive result  for  the quar te r  was the success  in

shrinking the BORAM die. The very small BORA M 6 002 chi p is expected to

cut die cost by a factor of five.

2- 1/ 2 - 2
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3. PROGRAM FOR N E X T  IN T E R V A L

A rev i sed produc t ion  schedule for  E ng inee r i ng  Samp les 1 and 2 has been

genera ted  to make up for  def ic i t s  accumula ted  due to the equi pment  p rob lems

encountered at n i t r ide  de posi t ion.

Stat ica lly s ign i f ican t  data for  c h a r a c t e r i s t i c s  such as r e f r a c t i v e  index ,

conduct ivi t y, t h ickness , pulse r e sponse,  retentivity ,  and endurance  will  be

accumulated for the alternative memory gate processes as well as for the

presen t  standard process.

R e f i n e m e n t  of the wafer  tes t  p rogram to be t t e r  c h a r a c t e r i z e  and t e s t  fo r

memory characteristics (retention , uniformity, etc.) will be a primary ob-

j ec t ive  du ring the next period as well as imp le menta t ion  of the “V T T e s t e r ”

to measure  the longer t e rm nature  of these p a r a m e t e r s .

Work will begin on a modif ica t ion of the W e s t i n g h ous e “ Orac le ” compute r

model to re p r e s e n t  t h e 6000 C product  f low.  Dur ing  the next  per iod , the in-

puts n e c e s s a r y  to cons t ruc t  the model ( t ime values , queues , e t c . )  wi ll be

d e t e r m i n e d .  The “Orac le ” p rogram will be revised , and t he f i r s t  computer

run wi ll be gene ra t ed .

3 — 1  / 3 — .~
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4. PUBLICATIONS , REPORTS , AND MEETINGS

On 12 August 1976 , the MNOS BORAM m a n u f a c t u r i n g  methods  arid tech-

nology  p ro j ec t  pos t -award  confe rence  was held at the West inghous e Advanced

Technology Laboratories in Elkridge,  Mary land. The attendees included:

E. Ahls t rom ECOM D. Hadden ECOM

D. Biser ECOM W, Hendrix AFPRO

J. Brewer Westini.~house 3. Hetrick Westinghouse

G. Cooley Westinghouse H. Mette ECOM

R. Conquest  Westing house L. Palkuti N R L

3. Dzimiansk i  Wes t inghouse  F. Phill i ps NATC

R. Fedorak NADC G. Poward West ing h ouse

D. Fischer  Westing house G. Shapiro W e s t i n g h o u s e

E. Gal lagher  ECOM G. Strull Wes t inghouse

B. Haas West ing house H. Weins te in  West ing hou se

The morning session featured an overall review of the p ro j ec t  object i ves

of developing a high volume production capability f o r  low cost MNOS B O R A M

hybrid circuits. The importance of the p r o g r a m  to the mil i ta ry and to the

fu ture  of the MNOS technology was s t ressed .  A success fu l  pilot run would

signal the readiness of the technology for widespread usage .  The presenta-

tion of manufac tu r ing  plans was followed b y a p lant tour .

The af ternoon sess ion was devoted to a detailed technica l  rev iew of im-

pr ovements p lanned for  the BORAM chi p and the h y br id c i rcu i t .  The sess ion

concluded w i t h  an act ion item summary by the ACO , Mr. Warren Hendrix.

During the past quarte r , there were no publ ica t ions  or r epor t s  d e r i v e d

directl y from this M M & T  project .
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5. IDENTIFICATION OF TEC1-~~ICIANS

Fi gure 5-1 de sc r ibe s  the West inghouse organ iza t iona l  s t r u c t u r e  fo r  the

MNOS BORAM MM~zT p ro jec t .  Resume s of those  individuals ma king  t e ch n i c a l

cont r ibut ions  to the program appear below .

5 — 1
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Program Manager
Joe E. Brewer

Administrative Staff Technical Consu t~io~
Contract Manager Process Development

Howard W einstein Dr . Mart in ~~~ ,“ ,,,

Customer Representative Device Physics
Charles Arthur 

_______ _______ 
Dr. Marvin ~~~~

Financial Manager Reliabil i ty
Jerry Hetrick Dr John Szimiansk

Marketing Hybrid Circuit Fabricat on
Gerry Cooley Chester Waid vogel

Quality & Reliability Chip Production Hybrid Production
Manager Manager Manager

Roman Knysh [,,,,~ 
Tom O ’Donne l l  ,,~J Card Powarri

_ _ _ _ _ _ _ _ _ _ _ _ _  1
Product Engineer [

~
‘ 

Process Engineer

Dr . Phil Smith 
~~~ 

Larry Epstein

76 - 1 1 3 9 V A - 1 6
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NAME: Joe E . Brewer , Advisory  Eng ineer

EDUCATION: BSEE ° Milwaukee School of Engineering, 1~~o1
Graduate work  in mathemat ics , Un i v e r ~~:t v o~ \~ Isconsin

E X P E R I E N C E :  Wes tinghouse  E l e c t r i c  C o r p o r a t i o n

1976 - P r e s e n t  Sys tem Development  Divis ion , C o m p u t i ng
and Data Sy s t e m s  Department , ~‘.1~~OS
BORAM P r og r a m  M a n a g e r

1970 - 1976 Command and Con t ro l  D iv i s ion ,  E l e c t r o n i c
Sys tems  Depar tment , H a r d w a r e  and soft  -
w a r e  deve lopmen t  f o r  weapon sys tems  wi th
emphas is  compute r  and m e m o ry  sy s t ems .
On as~~~gnmen t  as M a n a g e r  of BORAM
nonvolat i le  s e m i c o n d u ct o r  s e c o n d a r y
memor y sys tem development.

1969 - 1970 Underseas Division , Weapons Department.
Fellow En g i n e e r  r e s p o n s i b l e  fo r  advanced
development of computers , m e m o r y  sys-
tems , signal processors , and SONAR .

1966 - 1969 Molecula r E l e c t r o n i c s  Divis ion , Manu-
f ac t u r i ng  Depar tmen t .  Superv i sor  of
Product  Engineer ing  for  Custom Produc t s
Line. Responsible for desi gn , develop-
ment and manufacture of monoli th ic  in-
t e g r a t e d  c i rcui ts  fo r  hig h re l iabi l i ty
app lications (Ti tan  III and Minuteman) .

Centrala b Division Globe Union Inco rpo ra t ed

196 4 - 1966 Product Development Department
Manager  of Advanced D e s ig n  Sect ion
respons ib le  for  new p roduc t  d e s ig n  wi th
emphasis on h y brid i n t e g r a t e d  c i r c u i t s .
In t roduced  the use  of compute r a ided tech-
nique s as a p r i m a r y  tool fo r  the 1Z -m a n
desi gn team.
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N A M E :  Joe E . Brewe r (Con t inued)

E X P E R I E N C E :  1~~b3 - 1964 E n g i n e e r i n g  S e r v i c e s  D e p a r t m e n t
(Con t inued )  E n g i n e e r  I c o n s u l t a n t  and p r o j e c t  e n g i ne e r

fo r  p roduc t  des i gn and analy s i s .  Op e r a t e d
a t echn ica l  comput ing  s e r v i c e  for  e n g i-
nee ri ng and r esea rch g roups .

1961 - 1963 Engineering Services Department
Engine er II performed circuit desi gi~ and
automatic test equipm ent design.

1958 - 1961 Manufacturing Eng i nee r ing  Department
Technician on the packaged electronic cir-
cuit produc t line.

PATENTS: #3590345 - Double Wall PN Junction Isolation Technique

~ 3 8l5  124 - Envelope and W a v e f o r m  A / D  C o n v e r t e r
1 pending - Addressable Clear for MN OS Memory Arrays.
10 d i s c l o s u r e s .

PUBLICATIONS: “H y brid Ci rcu i t  Des ign  with ECAP ’ , U n i v e r s i t y of
Wiscons in  E n g i n e e r i n g  Ins t i tu te , A p r i l  1’466, Mad i son ,
Wisconsin .

“The Circui t  M a n u f a c t u r e r  and C o m p u t e r  Aided R e l i a b i l i ty
Anal ys is~~, U n i v e r s i t y  of W i s c o n s i n  En g in e e r in g  I n s t i t u te ,
J a n u a r y  196 7 , Mi lwaukee ,  W i s c o n s in .

°An U n d e r w a t e r  Sys tem D i r e c t o r :  LOGPRO~~3 ’ , IEEE
OCEAN 72 C o n f e r e n c e,  Sep t embe r  1972 , Newpo rt ,

Rhode Island .

“A T o r p e d o  Sys t em D i r e c t o r :  L O G P R O# 3 ” , G ON t A C
C o n f e r e n c e ,  Octobe r 1972 , San Diego , C a l i f o r n i a .

“A BORAM Sys t em fo r  the  U . S .  A r my , A F A L  N I N O S
W o r k s h o p ,  M a r c h  1973 , WPAF B D a y t o n ,  Ohio.

“Nonvolatile Block Oric’nted Random A c c e s s  N1en’~o rv
IEEE Solid State C i r c u i t s  C o n f e ren c e , F e b r u a ry  l~~74 ,
Philad elphia , Pennsy lvania .

5 -
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NAME:  Joe E. B r e w e r  ( C o n t i n u e d )

PUBLICATIONS: “ Block Or ien ted  Random Access  MNOS M e m o r y ” , Na t i ona l
( C o n t i n u e d )  C o m p u t e r  C o n f e r e n c e,  May  197 4 , Chicago , Illinois .

“MNOS Seconda ry  S to rage ’ , NAE C ON C o n f e r e n c e , May
197 4 , Dayton , Ohio.

‘ MNOS : A Novola t ile  Semiconduc tor  S t o r a g e ’ , IEEE In-
t e rna t iona l  Magnet ics  C o n f e r e n c e , May 197 4 , Toron to ,
Canada .

“MNOS Dens i ty  P a r a m e t e r s” IEEE NVS M Workshop ,
August  1976 , Vai l , Colorado .

“ A r my / N a v y  ?vD’OS BORAM ~~, G OMAC C o n f e r e n c e ,
November , 1976 , Lake Buena V i s t a , F l o r i d a .

SOCIETIES : IEEE Senior Membe r
Technical  Committee on C o m p u t e r  A r c h it e c t u re
Technical  Committee on Mass  S t o r a g e
ACM, SIGARCI-! , SIGMICRO , SIGART 
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N A M E :  N I .  C. P e ck e r~~r , Sen io r  E n ~~ n~’~’ r , P r u c e~~s D~’v ’~~op n . ’n :

E D U C A T I O N : B .S .  , Ph y s i c s , S U N Y  at  S t u r i v h r o u k , I ~~~~
N1 .S. Ph y s i c s , 1971
Ph. D . , Enginee rind Materials , U n t v e r s i t v  u f  M a r v i a : ’, n , 1’-~7’.

EXPERIENCE: 19o8 - 1974 N A S A / G o d d a r d  Space  F lz~~ it Cent ”r ,
Physicist , re lia ) l L I t v  of ~- i i  : C  j n u~ :C t o

devic es , specialization in ~ rea of s n i a c e
studies.

1974 - 197o Naval Research Laboratory, \\ ‘a sh i n ~~eon ,
D .C. , R e s e a r c h  P h v s ic~ st , workind m t he
a r e a s  of X — r a y  ana l y s i s  of materials (dif-
f r a c ti o n , f l o u re s c e n c e  YPS , e t ch  N - r a y

imaging  and d e t e c t i o n  t e ch ~t i o u u s .

1976 — P r e s e n t  W e s t in g h o u s e  E l e c t r i c  C or p or a t ~ un , S e n i o r
E n g i n e e r  r e s p o n s i b le  f o r  p r o e e~~s deve lop -
m e n t , c o n t r o l  and analv sis. Present w o r k
includ es the  ~tn d y ot dual (.l t o I .’ .’t  n c  t o r n . a —
t ions  and i n t e rl a c e  c h a r gi n g  c o n t r o l .

PUBLICATiONS: Government Publications - S e m i c o n d u c t o r  N i e t a l l i z a t i o n
Studies , ” N~~~ A/ G SF C  FMR 10 — 0 0 3 , J a n u a ry  1071 ( wi t h
R . J .  Ans t ead  and S. F loy d ) .

‘A Stud y of the E l e c t r i c a l  and The  rn i al  C h a r a ct e  r i s t ic s  of
Fusewire , “ NASA/GSFC ENIR 04-001 , J u ly  1 17 0  ( w i t h
E.  T h o m a s ) .

Pa.Rers — “ F a i l u r e  Anal y s i s  \vi~ N t h e  E l e c t r o n  ,\ t & ’ c n i n r ’ i i , ’
p r e s e n t e d  at t he  C o m b i n e d  A r e a  IEEE E l e c t  r u n  D ev i c e  a n d
P a r t s  M a t e r i a l s  and P a c k a g i n g  G r o u p  NI e e t i n ~~, \ 1 , i r ch  l 7.i .

‘ ‘ E l e c t r o n  Beam S t u di” s  01 Sch o t tkv  B a r r i e r  D e t e c t o r
Surfa ces , “ IEEE Trans. Nuc . Sci NS-~~0, 353 (l°7 ).

‘ ‘ ,\ t~’a s ur e m t ’nt  and Calc’.:1~Lt ~on of .‘\~~so 1u te  In , ’nsit :,’s of
X-Ray Spec tra , ” J . A ppl .  P h v s . 4 u ,  4 5 3 7  (l’i751 ( ‘~ i t h
D. B. Brown a t-u J. V . Gilt’nich) .

‘‘On the  O n i d i n  o f  t h e  l n c r i ’: t s, ’ in  Seh ’ i f k v  l’t , t r r i , ’r  ~~~~~~
w i t h  I n c r e a s i n g  i n t e r n i ’ . ia l ~~‘,i’: , ’ I I i i e k : ’ , ’s s °’ J . -\i o i l .
Ph y s .  ~~~~~~, 4i 52 ( 1 0 7 - 4 ) .

- ‘~~~~~~‘ - _ _ _  A
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N A M E :  NI . C. P~ ck e ra r  (C ont in ued)

PUBLICATIONS: “O pen Circuit Vol tage  of MIS Schot tky Diode  Sola r Cel ls , ’
(Continued) Proc . IEEE IEDM , 2 13 (1 9 75)  (with H . C .  Lin and R . W .

Kocher ) .

“ X - R ay Imaging with C h a r g e - C o u pled Devices , ’ B u l l e t i n
of the American  Physical Society,  2 1 , 597 ( 1~~7ó) (w i th
D. Bake r and D .J .  N a g e l ) .

“The Role  of E l e c t r o n  T r ap p i n g  in the Plasma A n o d i z at i n
of Aluminum, ” Jou rna l  o f  the E l e c t r o c h e m i c al  S o c ie ty ,
123 , l9OC (1976) (with S. Mak) .

“Inf luence  of E l e c t r i c  Field S t r e ng t h  and Oxide Co~t~p u s i t i o n
on C h a r g e  R e t e n t i v i t y  and E n d u r a n c e  of T h i n - O x i d e , Non-
vo lati le NLNOS Memory  T r a n s i s t o r s , ” A c c ep t e d  fo r  pub l ica -
t ion in P r o c e e d i n g s  of 1976 IEDM (wi th  N I .  H. W h i t e  and
J .  Dz imiansk i ) .

“Ion Imp lanted Schot tky Sola r Cells , ” accep ted  f o r  publica-
t ion in P roceed ings  of 1976 IEDNI (wi th  P .  Pai , B . C .  Lin ,
and R .  Kocher) .

SOCIETIES : American Physical Society, Electrochemical Soc iet \’
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N A M E :  M a r v i n  H. Whi t e , A d v i s o ry  E n c i n ’~’r

E D U C A T I O N : A . S .  in E n d i n e e r i n g ,  H e n ry  F o r d  C o m m u n i t y  Co l l ede ,
1’~ 55 — 1Q 57
B . S. E . Ph y s i c s  and B . S. E .  M a t h e m a t i c s , U n i v e r s i t y  of

Mich igan  E n g i n e e r i n g  Col lege , 1957 - 19o0
M . S .  Ph y s i c s , U n i v e r s i t y  of Michi gan , H o r a c e  R a ck h a i ’i .
G r a d u a t e  School ,  196 0 - 1Q01
Ph. D . E . E . ,  Ohio State U n i v e r s i t y ,  G r a d u a te  School ,
1966 - 1909
D i s s e r t a t i o n :  C h a r a c t e r i z a t i o n  of M i c r o w a v e  T r a n s is t o r s  -

Advisor :  M a r l i n  0. T h u r s  ton

E X P E R I E N C E :  1959 - 1960 Research Assistant - U n i ver s i t y  01 M i c h i g a n ,
Optical  P r o pe r t i e s  of S e mic o n d u c t o r s .

19b 1 - 1962 W e s t i n g house  E l e c t r i c  C o r p o ra t i o n  - G r~t d u ~t t e
S t u d e n t  P r o g r a m  — A s s ignments in Sul~ d
S ta te  D e v i c e s .

1962 - 1964 P r oj e c t  E n g i n e e r  on c o n t r a c t s  c a l l i ng  f o r
r e s e a r c h  and d e v e l o p m e n t  of  i n f r a r e d

camera  tubes  and IR M o s a i c  P — N  Inact ion
se n s in g  l a y e r s .  V i d i c on  Cha t- a c t e r i z a t i on i

Si l icon Diode .  Hi g h f r e q u t ’n cv  t r a n s i s t o r
a m p l i f i e r s  and s o l i ” i — s t a t t ’ c o n t r o l  g r i d  (It ’ —

v i c e s .  Inves t i ga t ion  of S i- S lO .)  i n t e r l a c e
wi th  C —V me a s u re n ’,e n t s .

1964 - 1065 P r o j e c t  E n g i ne t ’n  on c o n t r a c t s  c a l l i n g  r o n
t h e ana l y s i s  ~ nd  leve  lop n i t ’n t  of bi si a bi t ’
mu l t i v ib r a t o r  c i r c u i t s  u s i n g  NIO S d c v i  c. ’ s .

D e s i g n  and (I~ ’v . ’I o p m en t  ot \ and P c h a n ne l
Co m p 1. ’no ’n t a r ~’ \ IOS I r a n s i s l o r s  , in ’l
CMOS Circuits.

1965 — 1966 P r o j e c t  E n g i n e er  on cor,t r , t & ’t  c a l l i ng  f o r  t b .

d e s i cn  an d  d. ’ v - ’L n i i e ’n t  ot  NI OS ‘uni  (,‘NIOS
c i r c u i t s .  S u r ,t ~ , ‘ c h a r , t c ’ , ’r : s t ~ c~- of C~du~-
s t r l i & ’t ~ j r ,~~~. B r .  . , o 1 i o a t ’ ’ l i ~i~ 01

c( ’r l l ) o n . ’ nt  s . ’n ~i c o n ’ : i i c t  r ci ~~ l i L t  5 , I O L  I I I ’

t r a n s l a t i o n  01 tI os.’ c i r ~~u i l s  t o  L : , t , ’ c ’ .,~~ . ’ ’ L

c i r c u i t  l o r i n .  R ’ s p i n s i l l .  : . i r  ft.-
t i on  O t  , t ! ’ ’ L ’ r , t t . - d  ‘ i r ~ ii~~ c ’ i r~~’ ’s ‘Ii. ’

and , t i ) r i c , ( l I o t  il i n t c c ” . i l ’ ’ ’ i  t ’ i t o  mIs.
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NAME : Marv in  H. White , (Cont inued)

E X P E R I E N C E :  1966 - 1968 Ins t ruc to r - Ohio State U n i v e r s i t y ,  c o u r s es

(Continued) per ta in ing  to solid s ta te  e lec t ron ics  f o r
unde r -g radua t e s.

1968 - 1969 West ing house E lec t r i c  Corpora t ion  - Senior
E ngineer  - responsible for the analysis,
desi gn and development of low power ,
microwave  bipola r t r a n s i s t o r s  fo r  L and S
band ampli f ica t ion .

1969 - 1970 Fellow Engineer  - respons ib le  f o r  analy s is
and development of microwave  solid s tate
devices .  Stud y o i semiconductor  s u r f a c e s
for  maintenance of process  con t ro l  in MOS
ci rcu i t  development . Consultant  on all
e lec t ron ic  fuze  p r o gr a m  fo r  the anal y s i s ,
design and development of sensors and as-
sociated s igna l  p r o c e s s i n g  in i n t e gr a t e d  c i r -
cuit f o r m .

1970 - 1971 Inve s t igat ion of charge  t ranspo rt and s t o r a g e
in multiple d i e l e c t r i c  fi lms (MNOS and
MAOS) fo r  non-vola t i le  s emiconduc to r
memor ies .  Stud y of Si-Si0 2 inte r face  with

c -t ,  q u a s i - s t a t i c  and noise  m e a s u r e me n t s .
Respons ib le  f o r  the d e s i g n  and deve lopmen t
of high power , pulsed , m i c r o w a v e  t r a n s i s t o r
ampl i f i e r s  fo r  L and S band.

1971 - 19 7 2 Ana lys is , des ign , development  and eva lua t ion
of CCD and photodiode line and a r ea  imag ing
a r r a y s .  Analy s i s  of f a c t o r s  w h i c h  e f f e c t  the
noise in sensor  ar r a y s .

1972 - Presen t  Advisory  Eng ineer  - ana lys is  and des ign  of
s u r f a c e  and bur ied  channe l  CCD and ~ LN0S
devices fo r  s ignal  p r o c e s s i ni z  and memo ri.’s .

Evaluat ion of e l e c t r o — o p t i c a l  p a r t n o ’t t ’r s in
ima ging a r r a ys .

— 1q66 I n s t r u c t o r  in IV o s t i n g h o u s t ’ Schoo l  ot
App lied E ngi r i e e  r i ng  S e i & ’nc

5 _ i
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N A M E :  M a r v i n  H. Whi te  ( C on t i n u e d )

E X P E R I E N C E :  1966 - P r e s e n t  C o u r s e s  in App lied T r a ns t s to r  E l e c t r o n i c s
(Con t inued )  and Semiconducto r D e v i c e s .

PATENTS: 10 awarded , 7 pending .

PUBLICATIONS : “Compl e m e n t a r y  MOS T r a n s i s t o r s ” , NI . H. White and

J. R.  C r i cch i , Solid State E l e c t r o n i c s,  Q , p g .  9 9 1 -10 0 3 ,
Octobe r , 1966.

“ L a r g e  Scale Compl e m e n t a r y  NIOS T r a n s i s t o r  A r r a y s  . ,
J . R .  Cr icch i  and M . H .  W hj t e ,  Inte rna t iona l  E l e c t r o n
Device Meetini ,  Washin gton , D . C . ,  Octobe r , 196o.

“A V o l t a g e - C o n t r o l l e d  MOS-FET I n t e gr a t o r ” , N I .  H. W h i t e ,
P r o c e e d i n g  of the IEEE ( C o r r e s p o n d e n c e ) ,  34 , pg .  4~~l -4 2 2 ,
M a r c h , 1966.

“Meta l -Ox ide  -Semiconductor  ( MOS ) Small  Signal  E q u i v a l e n t
C i r c u i t ’ , M . H .  Whi te  and R . C .  Gallagh e r , P r o c e e d i n g s
of the IEEE ( C o r r e s p o n d e n c e )  53 , p g .  314-3  15 , M a r c h , l”i t, 5 .

“ E l e c t r i c  Fie lds  in T r a n s i s t o r s” , Vasil  U z un o g lu and
M. H. Whi te , Semiconduc to r  P r o d u c t s  and Sol id  S t a te
Technology,  F e b r u a r y ,  1965 , pg .  12 - 1 7.

“Mul t i l ayer  Mosaic  S e n s i n g  L ay e r s  f o r  I r i fr a r , -d - St o r a ~~”
Tube s ” , M. H. W h i t e , M .  P. Siedband , S. P. A n d e r s o n ,
E .  L. I r w i n ,  P r o c e e d i n g s  of IRIS, ( I n f r a r e d  Lm ,~ci ng
Sy m p o s i u m ),  IRIS C o n f e r e n c e , S t a n f o r d , C a l i f o r n n , t , I ~ 4 .

“ I n t e g r a t e d  S t r u c t u r e s  U t i l i z i n g  E l e c t r i c  F ield~ 
‘
. V , i s i l

Uzunog lu , N I .  H. W h i t e , N A E C O N  C o n f t ’  r ’ n ~ e, May 1 1 - 1 3 ,
1964, Dayton , Ohio .

‘‘Molecular Blocks Simp li f y Mic r o c i r c u i t s  , \‘ a s i I  l~~ uno~~l~i
and M . H .  Whi te , E l e c t r o n i c s , Ft ’ ’o r u a r v  14 , 1° i ’5 , pg .  ~o-

‘‘Maximum Pulse — R e p e t i t i o n  R a t e  t~~ r an I n j e c t i o n  l a s , ’  n ’ ,
Vas il  U zu n o g l u  and N I .  H. W h i t e , P r o c e e d i n g s  ol t he  IEEE
( C o r r e s p o n d e n c e ) ,  D l ,  Jun .’ i0~~3 , p g .  t n O .

5 - 1 0



NAME : Marvin H. White (Continued)

PUBLICATIONS : “Util ization of Re t a rd ing  Field T r a n s i s t o r s ” , Vasil  U z unog lu
(Continued)  and M.H.  White , P roceedin g s of the IEEE , ( C o r r e s p o n d e n c e ) ,

51 , March 1963 , pg.  495.

“Elect ron-Beam Scanned IR Mosaic ” , D. D. O’Sullivan ,
M .H.  White,  and M.P .  Siedband , Proceedings  of IRIS,
Conference San Diego , CA 1962.

“ Character izat ion of Microwave Trans i sto r s ” , M. H. W hite
and M .O. Th urs ton , Solid-State Elec t ronic s, 13 , 523 , 1970.

“A Stud y Relat ing MOS Processes  to a Model of the A l- Si0 7 - Si
System ’ , M.H.  White , F . C .  Blaha , D .S. Herman , Si licon
Device Processing Conference, NBS Symposium , June,
1970 .

“Invest igat ions  of CMOS S u r f a c e s ” , l .A .  Mack , F . C .  Blaha ,
M . H .  White , presented  at GOMAC 1Q7O , Ft. Monrn outh ,
N . J .

“Charge Distribution in the Multip le Die l ec t r i c  S t r u c t u r e :
P2 0 5:Si0 2 ” , M .H .  White , F .C .  Blaha ,  D .S .  H e r m a n ,  pre-
sen ted  at the E l e c t r o c h emi c a l  Society 139th M e e t i n g ,
Spr ing ,  Was hin gton , D .C . ,  May 1971.

“Direc t  Tunneling in MNOS S t ruc tu re s ” , M. H. White , pre-
sented at 31st Annual Ph ysical E lec t ron ics  C o n f e r e n c e  (APS),
Ga i the rsburg ,  Mary la nd , Spring 1971.

“MNOS Non-Volati le  Memory  Devices ” , D i s t i ng u i s h e d
Lecture Series , Ohio State Un ive r s i ty  (Octobe r 19 7 1 ) ,
Columbus , Ohio.

“Character iza t ion  of MN OS Memory T ra n s i s t o r s ” , N I .  H.
White , p re sen ted  at EUROCON 71 , Lausanrie, Switzerland ,
October 1971 .

°Microminia ture  Ganged Threshold  A c c e l e r o m e t e r s  Corn-
patible with In t eg ra t ed  Circui t Techno logy ” , IV . D.
F roben i us , S .A.  Zei tmon , M. H. W h i t e , D. D. O ’ S u l l i v a n ,
R .  G. Hamel , IEEE T r a n s .  on E l e c t r on  D ev i c e s ,  E D - i ’~ ,
37 ( 1 9 7 2 ) .
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N A M E :  Marv in  H. W hi te  (Cont inued)

PUBLICATIONS:  “ Charge  T r a n s p o r t  and S torage  in H i gh_ S pe ed Comp l e m e n t a r y
( Cont inued)  MOS Memory  T r a n s i s to rs ” , N-i . H. Whi te , J .  R .  C r i cch i ,

p r e s e n t e d  at In te rna t iona l  E l e c t r o n  Dev ices  N l e e t i n g ,
Octobe r 11-13 , 1971 , W a s h i ng ton , D . C .

‘CCD Imaging at Low Lig ht Levels ” , NI . H. W h ite , D . R .
Lamp e , F .C .  Blaha , l . A .  Mack , IEEE International
El.~c t ron  Devices  Meet ing ,  December  19 72 , W a s h i ng t o n , D.C.

‘ C h a r a c t e r i z a t i o n  of CCD Line and Area  A r r a y  Imaging at
Low Li ght Levels ” , M. H. W hite , D . R .  Lampe , I A .  Mack ,
F. C. Blaha , IEEE I n t e r n a t i o n a l  Sol id-Sta te  C i r c u i t s  Con-
f e r e n c e ,  F e b r u a r y  197 3 , Philadelp hia , Pa.

“Charac t e r i za t ion  of Thin-Oxide NINOS M e m o r y  T r a n s i s t o r s ” ,
M .H .  White , J . R .  C ric c h i , IEEE T r a n s .  on E l e c t r o n
Devices ,  ED -19 ,  1280 ( 1 9 7 2 ) .

“ C h a r g e  Coup led Devices ” , E l e c t r o - phys ic s Semina r S e r i e s
at U n i v e r s i t y  of M a r y land ( F e b r u a r y  19 73) ,  Col lege P a r k .

“MNOS M e m o ry  T r a n s i s t o r s  and C i r c u i t s” , NI NOS W o r k -
shop W r i g h t - P a t t e r s o n  AFB , Dayton , Ohio , M a r c h  1°73.

“An E lec t r i ca l ly P r o g r amm a b l e  LSI T r a n s v t ’ r~~al F’i l t er
for  Di s c r e t e  Analog Si gnal P r o c e s s i n g  (DASP) ” , D . R .
Lampe , M .H .  White , J . H .  Nl irn s , 3. L. Fag an , Pro-
ceedings of CCD App lica t ions  C o n f e r e n c e , San Diego , CA ,
pp. 111-26 ,  18-20 S e p t e m b e r 1973 .

“ Cha rac te r i za t ion  of Su r f ace  Channel  CCD Image A r r a y s
at Low Lig ht Levels ’ , P r o c e e d i ng s  of CCD App l iL a t i o n s
Co n f e r e n c e ,  San Di ego , CA , pp. 23- 2o , 18-20
September 1973.

“CCD and N~~1OS Devices  for  P r o g r a m m a b l e  Ana log  Signal
P r o c e s s i ng  and Di g ital Nonvola t i l e  M e m o r y ’ , I EE E  In-
t e rna t iona l  E l e c t r o n  Dev ices  M e e t i n g ,  W a s h .  , D . C .
( Te c h n i c a l  D i g e s t , pp. 1 3 0 — 3 3 ) ,  4 D e c emb e r 10 73 .

“ C h a r a c t e r i z a t i o n  of S u r f a c e  Channe l  CCD I m a c”  A r r ay s
at Low Li g ht L e v e l s ’’ , IEEE J o u r n a l  of S o l i d — S t a t , ’ Cir-
cu i t s , S C — 9 ,  No.  1 , pp. 1 — 1 3 , F e b r u a ry  l 1 7 4 .
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NAME: Marvin H. White (Continued)

PUBLICATIONS: “An Elec t r ica l ly Reprogran’imable LSI Analog T r a n s v e r s a l
(Continued) Fil ter ’ , D . R .  Lampe , Ni .H.  W hite , J . L.  Fagan,  J . H .

Mims , IEEE In terna t iona l  Solid-State Circui ts  Confe rence ,
Philadelphia , PA , (Di gest  of Technical  Papers:  pp. l S b- 5 7 )
14 Feb rua ry  197 4 .

“CCD for Discrete Analog Signal Process in g (DASP) ” ,
D . R .  Lampe , M . H .  Whit e , J . H .  Mims , W . R .  W eb b ,
IEEE Intercon 74 (pape r 9/2), New York , 26 March 1974.

“Noise Considerations in Solid-State Imagers ” , M. H. W hite ,
D .R .  Lampe , IEEE Intercon 74 (pape r 2 / 5 ) ,  New Y o r k ,
26,  March 1974.

“Nonvolatile Charge Addressed  Memories ” , 3. L. Fagan ,
D . R .  Lampe , M.H.  White , D .A.  Barth , Gove rnment
Microcircuit  App lications Conference , Boulde r Cob .
2 5- 27  June 74 (Di ges t , pp. 194-5) .

“A Nonvolatile C h a r g e - A d d r e s s e d  Memory (NOVCAM)
Cell”, M.H. White , D.R . Lampe, J.L. Fagan , D . A .
Barth , IEEE IEDM , W a sh . , D . C . ,  9 - 11  D e c e m b e r  1974.

“A Nonvolatile Charge -Addres sed  Memory  (NOVCA.M)
Cell” , M .H .  White , D . R . Lampe ,  J .L .  Fagan , D .A .
Bar th , Leh igh Valley Semiconductor  Sy mp. , Bethlehem ,
PA, 25 Ap ril 1975 .

“ A Nonvolatile Charge Addre s sed  M e m o ry  Cel l” , N I .  H.
White , D .R .  Lampe , F . J .  K ub , D .A .  B a r t h , IEEE J o u r n a l
of Solid—State Circuits Special Issue , Oct. 1975.

“Nonvolatile Charge Addressed Memories” , D. R. Lampe ,
M.H. White , J. L. Fagan , National Electronics Conf. ,
Chicago , Ill. , 6 October 1975.

“CCD Analog Signal Process ing ” , IEEE Int ’l T e l er n e t e r i ng
Conf .  , Wash. , D .C . ,  12 October  1975 , M. H. W h i t e .

‘CCD Analog Signal Processing ’ , \l.H. White , Int ’l Con!’.
on A pplications of CCD ’ s , San Diego , CA , 2’~l O c t o b e r  1 i ~~5.
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NAME: Marvin  H. White (Cont inued)

PUBLICATIONS : “ -\ Hi gh Densi ty , R e a d / W r i t e ,  N onvola t i le ,  C h a r ge -
(Cont inued)  Addressed  Memory  (NOVCAM) ” , J . L .  Fagan , N l . H .  W h i t e ,

D . R .  Lampe , IEEE In te rna t iona l  Solid State C i r c u i t s
Confe r ence , Philadelphia , PA , Fe b r u a r y 1976.

“An Analog CCD T r a n s v e r s a l  F i l te r  with Floating Clock
Sensor  and Var iable  Tap Gains ’ , N1. H. White , l .A .  Mack ,
F .J .  K ub , D . R .  Lampe , J .L .  Fagan , IEEE I n t e r n a t i o n a l
Solid State Circui ts  C o n f e r e n c e , Philadelphia , PA ,
Februa ry  1976.

TEXTBOOKS: Integ,r a ted  E l e c t r o n i c  Sys tems,  Staff  of Sc ience  and
Techno logy  P r e n t i c e - H a l l, New Y o r k  ( 1 9 7 0 ) .

Semiconductors and Semimetals,  Vol. 7a , S e m i c o n d u c t o r
App lications, MOS T r a n s i s t o r s , Marv in  H. White ,
Academic P res s , New Y o r k ,  197 0.

SOCIETIES : Inst i tute  of Elec t r ica l  & E l e c t r o n i c  E n g i n e e r s  ( I E E E )
P r o f e s s i o n a l  Group  in E l e c t r o n  Devices  (PGED)
Sigma Xi
Mary land Academy of Sciences
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NAME : John W . D z ir n i a ns ki , A d v i s o ry  E ng ineer

EDUCATION : B .S.  in E l e ct r i c a l  E n g i n e e r i n g ,  The  Johns  Hopkins
U n i v e r s i t y ,  1947
D r .  E n g r .  in E l e c t r i c a l  E n gt n e e  r ing ,  The Johns Hopkins
Unive r s i ty ,  19 52 .

EXPERIENCE : 1944 - 1946 Ass i s tan t  Supervisor , U . S. Army , Radio
Section.  Installation and maintenance of
radio equipment.

1947 - 1952 Research A s s i s t a nt at the Johns Hopkins
University, high f requency  electr ical
insulation and hi gh c u r r e n t  a r c  s tud ies .

1952 - 1956 Allis Chalmers Manufacturing Company ,
Milwaukee , Wiscons in .  Engineer in g
res ponsibil i ty for  e lectr ical  la b o r a t o r y .
Responsible for  basic electr ical  r e sea rch ,
gaseous electronics , the rmonuc lea r
reac tors  and electronic ins t rumenta t ion .

1956 - 1959 West ing house E lec t r i c  Corpora t ion , Sys-
te ms Development Division , Sen ior  E ng ineer
wor king on i n f r a r ed  sys tems  and in t eg ra t ed
circui ts .

1959 - 1962 Fellow Eng ineer:  Basic Molecula r P r o g r a m ,
assi stant  to p r o j e c t  manage r  and technica l
di re ct o r  of p r o g r a m .  -5

1962 - 1969 Adv i so ry  Eng i n e e r  - P r o g r a m  Manage r -

Physics  of Fai lure P r o g r a m  f o r  Semicon-
ductors  - ILS Flig ht Posit ioning Sy s t e m .

1969 - Pr esent  Advisor y E n g i n e e r  - Technical Director
Quality A s s u r a n c e  and Fai lure Anal y sis
programs for  the Solid State Technology
L a b o r a t o r y .

PATENTS : Five patents  g r an t ed .

PUBLICATIONS: Over  10 publ ica t ions  w i t h  emp h a s i s  on ~‘ii cr o e l , ’ c t r o n i c s
Relia bi l i ty .
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N A M E :  John IV . Dzimianski  (Cont inued)

SOCIETIES: IEEE
E l e c t r o c h em ic a l  Socie ty
Tau  Beta Pi
Sigma X i
Eta Kappa Nu

5- lb

- - -5 -’ - -‘ - ‘- ‘~~~
--“

~~~~~~~~~~
--

~~~~



NAME:  Chester W . Waldvogel, Fellow Engineer , Compute r  and
Data Systems

EDUCATION: Polytechnic Inst i tute , Balt imore , Mary land , 1936

EXPERIENCE:  19 38 - 1942 The Glen L. Mar t in  Company , Tool
designing -

-5

1942 - 1944 Westinghouse  Elec t r ic  Corpora t ion .  Die
and e lect ronic  package desi gn.

194 5  - 1946 Chase Engineer ing  Company, Engaged in the
desi gn of various tools and plant layouts .

1946 - 1948 Conlan Design and E n g i n e e r i n g ,  Des i gned
tools , fixtures , machines . Assisted in
building d e s i g n s .

1°50 - 195 1 Alexandria Iron Works , Str uc tura l  s tee l
design fo r  buildings and brid g e s .

1951 - 1953 Machine and Tool Desi gn , W o r k e d  on de-
sign of tools and dies , w i r e  d r a w i ng
machinery and the f i r s t  coaxial cable
machine.

1953 - 1954 Mathieson Chemical  C o r p o r a t i o n .  Des ign
Engineer .  Duties cons i s t ed  of the d e s i g n
of a hydraz ine  p lant , including i ts  spec ia l
handling equi pment .

1954 - 1955 A i r c r a f t  Armamen t s, Des ign  Eng i n e e r .
Design and packag ing fo r  a r e c e i v e r  w h i c h
could be air dropped on e i ther  land or wa te r
and was triggered from a distance. Design
for  a training device , housed in a t r a i l e r ,
to simulate radar  gun con t ro l .

5- 17

- _ - 
- ‘ -“ -

~~ 
‘
~~~~~~~~~~~

-5
~~~~’



- -- ----5 ’ -‘

~~~~~~~~~~~~~

“

NA M E: Ch e st , ’r ‘.V . “~ a ld v og e l  ( C o n t i n u . ’~~)

EXPERIENCE: 1955 - 1 ~o0 T h e  M a r t i n  Cu mp a n v , Chief  E ng i n eer .
(Continued) Responsible for the  Ground  Support  Equ i p-

n a ’n t  on t~ ,e T i t an  P r og r a m  at Cape C a n ac er a l .
C o n d u c t e d  R and D c o n tr a c t  on u l t r a s o ni c s
fo r  t h e  P 6 - N i  a i r c r a f t . Pa r t ici pa ted  in the
d e s i g n  an ~ m a nu l ac t u r e  of a s i m u l a t o r  f or
t h e  P e r s hi ng  m i s si l e  and ti-i . ’ t e s t  and
c h e c k o u t  equ ipmen t  f o r  t } ’e’ T i t a n  P r o g r a m .
G r o up  E r , gi n e e r  on P o -N I  navi ga t ion  and
mine  bay i n g  sy s  tern w h i ch  i n c l u d e d  th~ t e s t
and c h e c k o u t  of the  a s t r oc o n p a s s  manul’ac-
tu red  by G e n e r a l  P r e cj sj u r i  L a b s .

1°60 - I~~~2 Electronic Products C o rp o r a t i o n , P r e s i d en t .
F o r m e d  and developed c o r p o r a t i o n  w h i c h
u l t ima te ly employed 147 peop le in t h e  d e si gn
and m a n u f a c t ur e  of t iming dev ices .  In
addit ion to manag ing  the co m p a n y ,  d u t i e s
included mon i tor ing  and a s s i s ti n g  in the
packa ge conf igura t ion  of all p r o d u c t s .

1963 - Presen t  W es t inghouse  D e f e n s e  and Space Cen te r ,
D e f e n s e  and Space Sy s t e m s  Op e r a t i o n s ,
Compute r and Data Sy s t e m s  T e c h n o l o g y
G r o up ,  R e s e a r c h  and D e v e l op m e n t  ( Hy b r i d ) .
R e s p o n s i b l e  fo r  the c o mp u t e r  d e v e l o p m e n t
l a b o r a t o ry  inc luding  t e c h n i c i a n s , d r a f t s m en ,
all n e c e s s a ry  e l e c t r o n i c  equi pment , cal ibra-
t ion , componen t s  and s t o r ag e .
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NAME : Roman G e o r g e  K n y sh , Qual i ty  &- R e l i a b i l i t y  A s s u r a n c e

M a n a g e r

S EDUCATION : Manhattan College , B. E . E . ,  1967
Gradua t e  Cour ses  at U n i v er s i t y  of M a r y land
Advanced Course  on Sy s t e m  S a f e t y,  G e o rg e  W a sh i n g t o n

University

EXPERIENC E:  1967 - 19b° W e s t e r n  Union T e l e g r a ph Company  Des i g n ,

t e s t  and ins t a l l a t ion  of da ta  pr o c e s s i n g
equipment .  Involved in d e v e lo p m e n t  of
both  m e s s a g e  s t o r a g e  and  c i rc u i t  s w i t c h i n g
s y s t e m s .

- 1972 We s t i n g house E l e c t r ic  C o r p o r a t i o n  - Engineer.

A s s i s te d  in the imp l e m e n t a t i o n  of the
re liability and sa fe ty  p r o g r a m s on the
357G and ECM p r o gr a m s :  p e r f o r m e d  the
re l iabi l i ty  ~nalysis on the  F - I S  R a d a r ;
r e s p o n s i b l e  f o r  qua l i ty  and t e s t  v e r i f i c a -
t ion on the MK -2 7  and N I K - 4 8  t o r p e d ue s ;
a s s i s t e d  in the  r e l i ab i l i t y  sy s t em  studies of

Program 749; responsible  f o r  r e l i ab i l i t y
t r a d e o f f s  of CMOS , NIOS and plated wire
computer technolog ies: studied the desi gn

fo r  ‘he V i k i n g  R a d a r  A l t i m e te r ;  r e s p o n s i b l e
f o r  the e n g i n e e r i n g  and imp lemen ta tion  of
the  sa fe ty  p r o g ra m  on the PAVE SPIKE

Sy s t e m;  es tabl ished the qual i ty  a s s u r a nc e
provis ions  f o r  the J .mpact and P r o x i m i t y
S e n s o r s  f o r  SAIvISO; lead eng i n e e r  on the
r e s e a r c h and development  p r o g r a m s  on
re liabili ty of solid state devices .

1972 - 1973 Senior Eng inee r .  Respons ib le  for  quality
ass urance  of solid state L-Band trans-
ceiver  modules: Directo r of re l iabi l i ty
f o r  development  of a nonvola t il e  N IN OS
m e m o r y  s t o r a ge  chip fo r  the BORAM
module p r o g ra m .  R e s p o n s i b l e  fo r  t h e
r e l i a b i l i t y  a n d  av a i l a b i l i ty  t r a d e o f f  ~‘ t ud i e s
on the D e s i g n  to P r i c e  E :\V Suite p r o g r a m .
This  invo lved  sv~~t “0 l eve l  an a lv s ”  s t h a t

cons ide red  s vs t , ‘n~ .0 ~p l ‘ - I t  \‘ , r e  —

du nclancies , e n v i r o n r n t ’n t a l  l i e  t o r s
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NAME: Roman George Knysh (Continued)

E X P E R I E N C E :  m a in t a i n ab i l it \ ’ , and  p a r t  r e l i ab i l i ty  l evel s
( C o n t i n u e d )  to e s t a b l i s h  v a r i o us  cos t  c f f e c i ~ ve sy~~: . ‘ i :,~~

and c o n f i g u r a t i o n s .

1973 - P r e s e n t  Qua l i t y  ari d R e l i a b i l i ty  A~~~ur~u~ce N t a n a ’ g €’r .
R e sp on s i b l e  f o r  the q u a l i ty  and r e l i a b i l i ty
of so l id  s t a t e  t r a n sc e i ’,’er m o d u l e s ;  h y b r i d
power  c o n t r o l l e r s  f o r  the Space S h u t t l e  and
othe r e x p e ri me n t a l  sp a c e  e~~u i p m n en t  fo r
NASA . Program director of reliability

studies on RF power transistors , R F
epoxy usag e , PROM integrated circuits

and Q&R A  h y b r i d  t e c h n o l ogy  R \ D .  Qe~RA
r e sp on s i b i l i t y  f o r  SDD so l id  s t a t e  r a d a r
programs.

SOCIETIES: Institute of E l e c t r i c a l  and E l e c t r o n i c  En g~n e c r s
Electronic Industries Association - A s s o c i a t e  N t e ~’i b e r  -

System Safety Conu ’n it t”e .  -5
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N A M E : Thomas G. O ’Donne l l , S e m i c o n d u c t o r  P r o d u c t  L ines  Manage r

E D U C A T I O N : US Nava l  A c a d e m y .  M a r i n e  E n g r g .  1957 - 1960
N o r t h e a s t e r n  U n i ve r s i t y  m d .  Eng ’ r g .  lu t ,U - 1’~t,Z
Loyola College - c u r r e n t ly p u r s u in g  MBA p r o g r a m .

E X P E R I E N C E :  1 97 3  - Present Semiconductor Product Lines Nlanaiz~’r ,

Semiconductor Operations Group ,

W e s t i ng h o us e  Sy s t e m s  D e v e l o p m e n t
Divis ion .  M a n a g e m e n t  of all ac t i vit i t ’ s o:
a faci lit y e n g a g ed in d e v e l o p m e n t  and
m a n u f a c t u r e  of comp lex , cus tom d e s ign e d ,
LSI (La rge  Scale Int ’: g r a t e d )  d e vi c e s  f o r
app lications in advanced aeros pac” e l . ’c -
t ronic  s y s t e m s .  Annu,a l sales  - $10
million. R e s p on s i b l e  f o r  p r o d u c t i o n  and
f inancia l  p l ann ing  and c o nt r o l , bud g e t i n g
and e n g i n e e r i n g and m an u f a c t u r;n g  p er-
sonnel  m a n a g e men t .  Also  r e s p o n s i b l e  fo r
cap ital investment planning, c o o r du ’  a t :on
of new p roduct  dev e l o p m e n t , a,i s t om e r
liason , and fo r  va r ious  m a n a ge m e n t
c o m m i t t e e s

- l~~73 P r o d u c t  E n g i n e er i n g  M a n a g e r , Seni icon-
( lu c t o r  Op e r at i o n s  Group , W e st in g house
Sy s t e m s  D e v e l o p m e n t  Div i s ion,  R e s p o n s i b l e
f o r  s u p e r v i s i o n  of P r o d u c t ,  P r o c e ss , and
T e s t  E n g i n e e r i n g  ac t iv i t ies  f o r  \lOS , NINO S ,
and c o m p l e m e n t a r y  m ic r o p o wer  L in ea r
d e v i c e s .  D i r e c t  a c t i v i t i e s  on new product -5
d e v e l o p men t  —initiate and evaluat e p r o g  r a i n s
f o r  cos t , p e r f o rm a n ce .  and r e l i a b i l i t y
improvements; establish data collection

and anal ys i s  tec h n i q u e s ;  s u p e r v i s e  p r o j e~ t s
assoc ia ted  wi t h p r o c e s s  deve lopmen t ,
p r o c e s s  con t rol .  equi pmen t  e v a l u a t i o n  and
in ip lem n en t a t  ion , dev’’ lopm ’ ’ nt_ of spec i f i c a  —

t i ons  arid ope r a t i n g  p r o c  . ‘c lur . ’ s , and  co s t
i m p r o v e m e n t s .  P a r t i c i p a t e  in various
n a  nag em c O t  , cus t u r n e r  liason , u nt rae  t
p r o p o sa l s  , and cap i t a l  e \p~’nditures p l a n n i n g .
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N A M E :  Thomas  G. O ’D o n n e l l  (Continued)

E X P E R I E N C E:  l ’9o8 - 1969 P r o d u c t  M a n a g e r , Cu s tom  P r i d u c t  L, :ne
( C o n t i n u e d )  Westinghouse M o l e cu l a r  E l e ct r o n i c s

D i vI s i on , E lk r ~ c1g. ’ , MD . R e sp o n s i b l e  f o r
p r o v i d in g  t e c h n i c a l  and ad~ mi s t  r a t i ve
l e a d e r s h ip  to ‘he p r o d u c t  l ine  and lot’
p l a n n i n g  and e x e c u ti n g  an a n n u a l  GS B of
$3  m i l li o n . Had comp le te  P ~ - L r e s po n s i -
b i l i t y  r ep o r t l n g  to O o er a t 1 un ~- M a ,~a~~.’ r
P r o d u c t5  ~v . ’ re sp e c ta l p u r p o se  a n d  hi~~li
r u l i a b i l i t ’,- t yp e s  in c l ’n , i n g  de v i c es  f o r  b o t h
Mi nu t e n ’,an a n u  M a n n e d  O r b i t i n g  L a b o r a t o ry
P r o g r am s .  D. ”.’e l,oped Or~~a 1Laliunai

~ t r u e  t U t ’.’ Ic t: .a na ~~.‘ t l i ’  Un i q u e  s i t u a t i o n s
p r . ’s ’ ’ : : t  i t :  t h i s  sp e c i f i c  m a r k e t ;  imp l e —
m e m . d  L ’u dg. ’t , i n v e n t o ry ,  and  p r o d u c t i o n
c o n t r o l  p r o c e d u r e s  r e s u l t i n g  in a s i g n i f i c a n t
iii orovenient LO t h e  c o n s i s t e n cy  of monthly
hi 1l~ r i g s .

l 9oo  — 1968 S up e r v i s o r y  Engineer , L i n e a r  P roduc t  Line
es tm ghuus e M o l ec u l a r E l e c t r o n i c s  Di’,’ .

E l k r i d g , ’ MD .  R e sp o n s i b l e  f o r  al l  l i nt ’
engineer ing functions cu- ,’e r i ng  wa f e r pro-
c e s s i n g ,  a s s e m b l y ,  ele ctrical test , and
e n v i r o n m en t a l  sc r e e n i n ~ o n c o r n i ) 1 . ’\  analog
c i r c u i t s  d i r e ct e d  at  the  m l i i  ~a ry  and con —

n i t ’ r c i a l  m a r k e t .  P lav . ’d a p r i m a r y  role in
t h e  initial facility setup m a n a g i n g  s u c h
a c t i v i t i e s  as s o~’ c it i c a  t ion of eq uiprnent
c o n cep t u a l  l ay out s , p r o c e s s  and p r o d u c t
retinenient , etc. Also resp onsible f o r
5 ect ior i  bud g e t s , e u st  in ip r o v . ’n u ’n t  pro —
g r a m s , yield impruv~- Iii ’nt p r o g r a m s  and
f o r  as s i s t i ng  in c u s t on i e  r b o s on  ari d con-
t r a c t  nt ’g . ’t t i a t i on s .
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NAME:  Thomas G. O’Donnell (Cont inued)

EXPERIE N CE : 1962 - 1966 E ng inee r , Manufac tu r ing  E n g i n e e r i n g  De-
(Cont inued)  pa rtmen t  W e s t i n g house  N iolecula r E lec  -

t ron ics Division , E lkr id ge,  MD . Responsible

for  se tup and cont ro l  of ph o t om a sk i n g,
meta ll ization , in-line an d w a f e r  t e s t , and
assoc iated p rocesses  for  m a n u fa c t u r i ng
faci l i ty.  Produc t  eng ineer ing  responsi-
bility for the Wes t ing house 200 Serie s DTL
product  line.

1960 - 1962 Eng ineer , R e s e a r c h  and Development  Dept .
T rans i s t r on  E lec t ron ic  Corp. , Bo s t o n ,
Mass. Process development for all phases
of f a b r i c a t i o n  to be ut i l ized on hi gh fre-
quency planar t r a n s i s t o r s .  ( 2 N o 9 7  and
2N 698)
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N A M E :  Philip C.  Smith , Senior  E n g i n e e r

EDUCATION : BSEE , C a r n e gie Mellon U n i v e r s i t y ,  1’~~ o
MSEE , C a r n e g i e  Mellon U n i v e r s it y ,  1° o7
P h .D . E E , Ca rnegie Mellon U n i v e rs i ty ,  19 71

E X P E R I E N C E : 1966 - 1971 Electrical Engineering Department

C a r n e gie Mellon U n i ve r s i t y ,  T h e s i s  re-
s ea rch  on e lec t r i cal  p r o p e r t i es  of s i lve r
doped s i l icon.

1971 - 1972 P r o j e c t  Eng ineer , S e n s o r m a t i c  E l e c t r o n i c s
Corpora t ion .  Development  of mic rowave
a n t i — s h o p l i f t i n g  s y s t e m .

1972 - 1975 Sc ien t i s t , Motoro la  S e m i c o n d u c t or  D i v i s i on
App lied r e s e a r c h  and p r o c e s s  develop-
ment  fo r  NINOS m e m o ry  and CMOS on
sapphire  c i r c u i t s .  N channel  s i l icon g a i t -
p r oc e s s  deve lopmen t .

1975 - P r e s e n t  Senior E n g i n e e r ,  W e s t i n g h o u s e  E l e c t r ic
C o r p o r a t i o n .  P roduc t  en g inet ’  r i n g  f o r
MNOS memory.

PUBLICATIONS : Paper presented at Octobe r 1970 meeting of Electro-
Chemical  Society .

In t e rn a t i ona l  Jo u r na l  of E l e c t r o n i c s , V ol. 30 , ( 1 9 7 1 ) ,
p. 2 5 5  and Vol.  32 , (1972) p. o~~7.

SOCIETIES : IEEE
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NAME: Lawrence  Ep s t e in , Senior  E n g i n e e r

EDUCATION : B .S .  in Chemis t ry ,  B rooklyn College , 1955. Graduate
courses  in Chemis t ry ,  Meta l lu rgy  and Semiconductor
Device Technology

EXPERIENCE:  1972 - P r e s e n t  West inghous e E l ec t r i c  Corpora t ion  Sys-
tems Development Division Balt imore ,
Ma ry land

1957 - 1966 Ronson  Metal C o r p . ,  N e w a r k , N . J .
Chief Chemis t  and Manager  Special Pro-
ducts . Product ion and qua lity control  of
r a r e  e a r t h  metals  and a l loys .

1966 - 1972 RCA , Solid-State Division , Somervi l le ,
N . J . , Eng inee r , P r o c e s s  e n g i n e e r i n g  f o r
di ff usion , pho toengrav ing  and n ieta l l i za  -
tiori of IC’ s. Membe r of manufacturing -5
en gin e e r i n g staf f fo r  ‘ S A F E G U A R D
p r o g r a m .  Later  developed m an u f a c t u r i n g
process  for low voltage COS/MOS devices .
At Solid-State Technology C e n t e r ,  A d -
vanced Development Pilot Line , involved
in deve lopin g p roces ses  for  l 02 -~-bit P-MOS
and 256-bi t  COS/MOS memor ies  and h i gh
vo ltage , hig h c u r r e n t  bipola r a r r a y s  in-
cluding dielectric isolation.

1972 - P r e s e n t  Wes t ing hous e Sys tems Deve lopmen t  Divis ion ,
Advanced Technology L a b o r a t o r i e s .  Lead
en ginee r  f or p rocess  e n g i n e e r i n g  fo r  p i lot
line s producing p roduc t s  such as CMOS
multi-metal arrays , comp lementary
bi polar  IC’ s , p -channe l  silicon gate  a r r a y s
and MNOS m e m o r y  a r r a y s .

PUBLICATIONS : “Anal ytical  Cont ro l  of R a r e  E a r t h  P roduc t s , S t evens
Inst i tute of Technology , 1965 .

“?~‘Iaterials f o r  and the  ,\lt’cha nisn’i of Ge t t e r i ng  Multi ple
Component  Gases ’ , A F C R L - t 3 - 7 , lb u 3 .

“Dimens iona l  C o n t r o l  in Photoengraving, ’ Kodak Mic ro-

m i n i a t u r i z a t i o n  S e m i n a r , Ntav 1b 7 0.
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N A M E :  Gard  Lee Poward

EDUCATION : BSIE Pennsylvania State University l9o5

E X P E R I E N C E :  1966 - 1967 Wes t inghous e E l e c t r i c  C o r p o r a t i on , Ae ro
Space and E l e c t r o n i c  Sy s t e m s  D t v i s i o n .
Induscr ia l  Eng i n e e r i n g a d m i n i s t r at i n g  t h e
M e a s u r e  Day W o r k  Sy s te m  in th e  Induct ive
Components  Fab r i ca t i on  A r e a .  P rov ided
detail  p lans fo r  m e a s u r i n g  and c o n t r o l l i n g
m a n u f a c t u r i n g  p e r f o r m a n c e , m a n u f a c t u r i n g
method s tud ies , cornp i leu  s c h e d u l e , and
performance appraisal.

1967 - 1971 M a n u f a c t u r i ng  E n g i n e e r .  W o r k e d  in
M a n u f a c t u r i ng  R~.-D M ethods  G r o u p  de-
veloping tooling, proce sses , a nd as sembl y
t e c h n i q u e s f o r  \ i u l ti ck v s  Hy b r i d  P a c k a g e s
(N I H P ’ s)

1971 - 1972 M a n u f a c t u r i n g  SDD P r o g r a m  M a n a ger .
R e s p o ns i b l e  f o r  a l l  f a c e t s  of f a b r i c a t i o n
‘
~ 

,s s , ’r n b l y ,  t e s t , and m a n u f a c t u r i n g
p l an n i ng  f o r  Sk y lab.  T e l e v i s i o n  Sy s t e m .

1972. - Pr e s e n t  M a n ufa c t u r i n g  SDD P r o g r a m  M a n ag er  f o r
Solid S ta te  M i c r o w a v e  NI HP ’ s.
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Army /Navy MNOS BORAM
J. E. B r e w e r , E.  J .  G a l l a g h e r . a n i  FT. A .  P h i l t t p s

A b s t r a c t  - An a dv a r , c e d  d e v e l o p m e n t  mode l  of an r i s t a  ~ c .’ss, ar . d  , s  r ’ -~ - i t .  0 .’. . x ’ n “ s:
MNO S B C R AM  modu le  and  ev a lu a t i o n  r e s u l t s  to on d a r v  a nd  h :~~h e r  ur ’:.’ r n ,‘ :n , r n  ,,

~ ~~ d .’e -  s-
da t e  are  d e s c r i b e d . This  c l a s s  of m e m o r y  m e e t s  a b l e  in  a d ,i~er e n t  f a , F n n n . t i c t .~~r i . , e  ~~- La .‘

m i l i t a ry  needs  f o r  g e n e r a l  purp ose  c o m p u t e r  p r o g r e s s i~~e i v  i a r ,z er  c ap ac : t - . , ~~ . . . .‘r 1 e S S  ~~
• .

seconda ry  s t o r a g e .  It is a s u p e r i o r  and cos t  lower  C O S t . H i e r a r ch ~ ~ .‘s .~~~t- : t : .’ .~~ • r ,  i ,~
e f f e c t iv e  a l t e r n a t i v e  to f ix ed  head elec t ro rnechar i - at  e a c n  le .  e l  of a c c es  t:ri e , c an a , , .  ‘ a - S t O

i c a l  st o r a g e ,  ac h i e v e  g l o b a l  o h u ’ c t i ’ ,e s  s ,c i .  as mas . .m ’ir t , t o m-

put e r  ‘h r o u  iou:  p er  ‘lo l ta r ,
I N TRO Dt ’ CT :o:~

To f a c : i i :a t e  p r o~~e s s . r~~ . n u . ~a ” a n
The gr o w t h  of e l e c t r o n i c  da ta  p r o c ess ir a  in i s  to p ar : : t i on  d a t a  ir . i u r n  r . u ’~~~ : . ’~ ‘u- s

m any m i l i t a r y  a p p l i c a t i o n s  has been h a mp er e d  of w o r d s  c a l l e d  a pa .~.’ . F h e  a
by i nadequa t e  m e m o ry  c a p a c i t y .  The t r a d i t i o n a l  ce s s  may  not be .- i s i u l . ’  to  t~~.t ’ u s.  r . 1 o ’ • -a
seconda ry  m e m o r y  approach  i n v c l~~i ng  f ix e d  head c o n t a i n  d a t a  ari d p r o gr a m  or  m u :  C : : . r . ”~~~~~~.’ 5-

e l e c t r om e c h a n i c a l  st o r a z e  leads to c o m p r o m i s e s  ing  r e s i d e  in p r i r r . a r ’m u .amr:. r’. - ‘X 1 . . . ~ con . -
of r e l i a b i l i t i  and p e r f o r m a n c e  w h i c h  a r e  o f t e n  p u t e r  can no t  f i n d  a r e q u m  r , ’ i  ‘ e r : .  r
u n a c c ep t a b l e .  The m e t a l - n i t r i d e - o x i d e - s e m i -  mrt ernorv , a na ,~e f a u l t  i s  so . : t o  h a , . ’  Ut  m i .
conductor  (MN OSI  t echno logy  o f f e r s  a nonvo la t i l e  In t h i s  ev e n t  h i g h e r  o r’i.’ r m ,‘uo r ’ . i , m : s t  be m e t e r -
s o l i d - s t a t e  memory a l t e r n a t i v e  w h i c h  a v o i d s  t h o s e  enced  to o b t a i n  the  r . e c c s sa r \  ma~ .’ r m i a c o  s . and
c o m p r o m i s es.  the p r o c e s s i n c  of the r e l a , , : p r  r o t :  n , u s t  e

t e r min a t e d  u n t i l  t h e  d a t a  s a~ . ii l , i u i ,,  :n u r  m a r ’,-
The f e a s i b i l i t y  of the MNOS approach  has been m e m o ry .

d e m o n s t r a t e d  by the des ign , f a b r i c a t i o n  and evalu-
a t i o n  of a c o m p u t e r  secondary  s t o r ag e  module .  C o m p u t e r  i d l e  t i m e  w c a u s e  of !e ta ’ , m i t

This advanced  deve lopmen t  was c a r r i e d  out by irt g da ta  f ro m  hi~~h orde r  s t o r a 5 t e a f i e c :  a s v s t , ’m
th e W e s t i ng house  E l e c t r i c  C o r p o r a t i o n  u n d e r  t he  p r o d u c t i - ; i : \ .  R . m d u c t i o n  of i d l e  t in : . ’  :s a m a j o r
)o t r it sponsors~nip ci the Ar rrr ~ E lec t r on ics  Corn - theme in n o t h  s of t w a r e  an n  ha m v  a r e  c I t ’s :  ci: . rh.’
mand (ECC’SI’ and the  Na -al  A i r  S y s t e m s  Corn-  s i m u l t a n e o u s  e x e c u ti o n  of : np u t  r p n t  C C oper -
mand (N A S C ) .  In i t i a l  module  e v a l u a t i o n  was  a t i o n s  and c omp u t in i t  o p e r a t i on s  is  a kt-~ d e ~ : cn
c o n d u c t e d  at the  Nava l  A i r  Tes t  C e n t e r  ‘N A T C I , s t r a t e g y .  M u l t ip r o g r a n . n : :  ni s c h em e s  w h e r e  a
and a d d i t i o n a l  e v a l u a t i o n s  at ECOM a r e  in pr o -  c o m p u t e r  keeps  pa~~es m i:: s.’~ or a l  p ro c  m at : :  S i n
g r e s s .  m a i n  m e m o r y  and  cu ps t r o n ~ pr og ram to pro-

g ram w h e n  I C i s  n e c e s s a r y ,  s a n o t h e r  ‘r n p o r : , i n t
In a sense , th i s  is  a s t a t u s  r e n o r ’  - Both  the ap p roach . A c o n s i d e r a b l e  s o f t w a r e  o v e r h e a d

d e v e l o pm e n t  and e v a l u a t i o n  a v t i c i t i e s  a r e  s t i l l  b u r d e n  is e n c o u nt e i - ,’d ‘ 0 e . ’ t ’ L )  t r a y ! -  1 d a t a  am:,!
underway,  and will  continu e for s e v e r a l  - se a r s ,  cu r ren t  op e r a t i o n s .
The d i s c u s s i o n  h e r e  is  l im i t ed  ‘c. th e a t o r a c e
sys tem.  The M N OS memory compon en t  w i l l  be The p e r f o r m a n c e  of a a. ’ t O ! , t  r’, s t er a i . ’  u r m i t
t r ea t ed  in  o t h e r  p u b l i c a tt o n s .  T h i s  pape r  de-  is  p r i m a r i l y  c h a r a c t e r i z e d  by t b .  r e q u i r . - i r , : m - .’
s c r i be s  the advanced  d e v e l o p m e n t  model and I t s -  de la y  b e t s~een  r e c e p t i o n  ot a r e q u e s t  ft ’i’ a d a t a
cus se s  eva lua t ion  r e s u l t s  to d a t e .  u le ck arm- i  ‘ h ,  t i t m m , ’  -a im , ’ , :  t i m , ’ h .  k m s  a ,  a t l i n ! . ’  I n

m a i n  m e n .  m\ - I h i~ t i n : . ’  c a n  ~~- c m::
SYSTEM C O N C E P T S  A N D  C B J E C T I \ ’ F  S p a r t i t i o n e d  i n t o  a c c e s s  t m n m , ’ and f lo w

The o b j e c t i v e  of the MN OS B O R A M  develop-
ment e f fo r t  was to provide a cost  ef ~ec ’ t - e bl o c k -  -‘

or ien ted  random acces s  memor y su i t ab l e  t r use
as a g e n e r a l  purpose  m i l i t a r i z e d  c o m p u t e r  s ” C -  . ~~~~~ 

‘ ‘

onda ry s t o r a g e  u n i t .  • - - ‘- -5 -5 ., ,.’

t n  a m o d e r n  compute r  sy s t em , the mem o r y  i s  —• -5
a dominate  f a c t o r  in d e t e r m i  n ir o~ a ’, s t e m ha r !  - ‘ -5

ware cos t  and r e l i a b i l i ’ v.  As shown i n  fu ~. : r , -  I . r- —- , ,~~~,

memor y is usua lly o r i t a r i i z c d  in a h i e r a r ch i a t  ~~~~~~~~~ L.
fash ion  to ach i eve  r e q u i r e d  c a p a c i t y  and p e r t . r t 1 .  “.‘ “ 

- - - - -

ance  a t a t o l e r a b l e  cos t . P r : r t i a r ’ , - ito ’mor ’, i s
r andomly  word  a d d r e s s a b l e .  It  p m - . i i.’ ’. i- I S ’

y . r c  1 .  .. r n  ~‘ or  S.  ‘ “ O h  \ I  ‘ ‘ m r .  H i ’  ‘ a r c h t

A -4



- --- -5-- - .--‘ ——--

A c c es s  t ime is the delay between the r ece p t ion  ‘‘  - it  1 . 1 -  1 - 1  ~~‘ tIM Ii ‘N
of the request and the ava i lab i l i ty  of the  f i r s t  data
element  of the block at the data port of the s t o r -  I . . -  , i ! . a m -  .- ‘ l ~ . 1 .  m m ’  . - r . ’ \~ “~( m 5  -mt R A M
age un i t .  Flow t ime is the t ime re q u i red  to t r a n s-  t i t , :  m u l e  sh . - ,v r ,  i , m : , :  .r ,  ‘ a c , ! :  c , , n t a : m o -”l
Ic r the en t i re  b lock from the data port t o  p r i m a r y  ce n e r a l  p u r m s’ r i . i a  m .  ~~‘ , -  m a , : , -  u r n  t - N,
memory . , ‘x ’ . r ri a l  c o n t r o l l e r s  , - r  : - . - p p l i -~ . . r . ’  r . -  -

q u i r . ’~l n ’r  O m , . ! . , t , o l m . i t  . , i s . ,  ry 1. -a- ‘ ov e r d i s —
A p r e f e r r e d  o rgan iza t ion  for secondar y  st o r -  s m p a m i : r a m : ’ !  a, 5 ; ’ . - ‘ I  co in  — a r : a m - , m , . , r - t s  -,

age j~ b l o c k - o r i e n t e d  random a c c e s s  n i e r n o r t  n e c e s r a m \  , H . . - : . s i y t i  a l l  ~~~~ ‘ r i t O , , ! ! . ,

(B O R A M ) .  By def in i t ion , a randoni a c c e s s  h i s t o ri c  , -Mn m m m ’ , ,  i m a m m i c a l  ~ ‘ . - r m i o -  p r o b l . - m : m s  w i t h
memory can acces s  the c o n t e n t s  of any address  n :ov i t : c  p a r t s . - d i u , m r , .  a t s ’ - r o e , r : , , , : s t u m ’  a r t
within  a fixed t ime.  This a c c e s s  t ime i s  uni form dus t  p a r t h t  I . e  a m , -  i .  i : ! . - ! , i r a  ,,, , ‘.~~

for all elements , and is i ndependen t  of the  o rde r  t i m e  a r m : , , r e  t ! .  ~~ l i i i ’  l i t :  .‘ i - m m , - - t l m , , i :  ‘ 1 ,  m , , s t e s t
of a d d r e s s i n g . B lock  o r i e n t a t i o n  is p r e f e r r e d  drur i: . No r a t  : , . :  0 ’ l a t , - r i i : ‘ I _ i , ’  ,“m m m- m a .
because it  most e f f i c i e n t l y  accomp l i s h e s  the task  r a t e s  m a t c h  ‘ C -  m m ,  ‘t . , r , r i r m  . t I l -~.. ’ - o c - ‘ er
of p r o v i d i n g  needed p ages .  B O R A M  o r g a n iz a t i o n  s: s r , ’ : ’  h i m e r m , , , , - ‘ n , - , r t : t , , ’ 0 ” -

can s i g n i f i c a n t l y  reduce  both hardware  and s o f t -  m e c h a n i c a l  ~~‘ s c o  - h ’ n r o ’ ” ’ m a ’ . s : ,  i t ,  Si , ’ !
ware  co r i : p le x i t v .  w e i g ht a m O m m a , : , -  s tO~~ ‘ t o t h m p d r.. I.- ‘ x c :

ma g n e t i c  me, e t , ’ m m m s ,  ! r h  , , d , l i t i o r , , m l , - h : , : h k
Se, - o r : ’ I a r y  s t o r a g e  a pproaches  based  on r o t a t —  m o d u l a r  r a t  m r . - of I ! ,  ‘ ! , ‘ e , y r  t o r t m m l i ’ s t i  , - a s , ’

i n c  e l e c t r o m e c h a n i c a l  compo nents  or c i r c u l a t i n g  of i i r t e m f a c i r , y  a m : ’ !  , . , . o  :0 m O ,  t i  I , . , :  s m : ,
shi f t  r e g i s t e r s  are i n h e r e n t l y  b l o c k  o r i e n t e d , but
do not met the rando rt : a c c e s s  c r i t e r i a .  For Fh is  l : r s t  l t ( ’ R - ’r \ i  m : m o ’ h m l , ’  I : , . ,, -, , ‘n ,i - • , ‘mn  I ,
th ese  t e c h n o l o g i e s , a r o t a t i o n a l  l a t ency  e x i s t s  for  l e a r n i , m i t  a n , .  Ut t i m . ’  \! \~ ~ . 1:.. - t o y s - I v a l u a —
w h i c h  c a u s e s  an u n c e r t a i n t y  in the a c c e s s  t i m e .  t i o ns  a t  i i , , ’ N o :  a t  A i r  I t e m  ( ‘ . - r
Hardware must i nco rpo ra t e  t i m i ng  and s ens in g  that t he a d v a n t a g e s  c l a m , !  a t e ’ , , -  a r , ’  r’. - .. l , I t t , ’

c i r c u i t r y  to keep t r a c k  of r o t a t i o n a l  p o s i t io n .  a d v a n c e d  i t :  ,‘l m , r n , - ,  ‘ , : m , ’ m’ t i e m l , ,  ‘ ‘ m m :’ ! :  c! , - ’ !  i t s

To reduce the impact  of l a t e n c y ,  s o f t w a r e  s y s —  l i m i t . ’ , !  o b i , c : iv e  i t  ‘ l i i : , ,  h a i r , , ’ . t r y  , i t i n i ,  a !  f e a s i —
tems must consider  ro ta t iona l  p o s i t i o n  as a b i l j t ~~.
parame ter  for s e r v i c i n g  1 0 q u e s .

I t  n _ i u s t  l i e  o : , ~’ t ’,l t i m i t  t h a t  . - :  i t  m , - r t : s  i m ’ p r . —

The deve lopmen t  o b j e c t i v e  of p r o v i d i n g  a p r i a t . ’  or a - L o t ’ ,, ~d : . -  - l o p m :  - n ’ i t - , !  , - i t t  a l
‘ g e n er a l  purpose ’’ s e c o n d a r y  s t o r a g e  u n i t  i s  d e n i o n s t r , i t  m i  o h  t e c h i r , i ,  , , l  m m ,  a r t , i t i t  t a- . -r e  i , : :  a l l y

much  e a s i e r  to  a c h i et e  g i v e n  a 1IORAM o r g a n i z a —  f u n d e d . i !a i n i t i a l  ‘ , :o h , ’ t I - C A  • - , - : ‘y

t i on . G e n e r a l  purpose in_ i p l i e s  tha t  t h e  s t o r a g e
U n i t  can be used wi th  d i f f e r e n t  c o m p u t e r s  of
v a r i e d  c h a r a c t e r i s t i c s  w i t h  o n ly  m ino r s o f t w a r e
and h a r d w a r e  a d j u s t m e n t s .  R o t a t i n y  or  c i r c u l a t -
i ng  s t o r a g e  w i l l  r equ i r e  some t ’, 

~~~ 
of s p e cia l  w

c o n t r o l l e r  for computer  i n t e r f a c e .  In to ni m a s t  a
B O R A M  w i l l  need o n ly  to be made  , .r ’ :p a  I
w i t h  t h e  c o m p u t e r  s y s te n :  i n t e r m a ,  e le - o l e  at : -! W

p r o t o c o l .

A n  ixnp o  r t a n t  p a r t  of t h e  fM I t  .‘\~aI : , - ‘- l opnt . ’  i t
ob~ec t iv . ’  was  ‘ c o s t  e f f e c t  i t - r i o ’  • ., . I ’  a
l i v e l y  easy t o  compare  N I N t  ‘~~‘ I l l  - I t  \ ‘.t . , y , l m r  s t  —

a l t e r n a t i v e  t e c h n o l , y ‘-s o n  ~ - i r i b :  - ,‘‘ ,‘ lr~ 
, 

.
‘.

p a r a m et e r  b a s i s ,  I t  i s  n o r . ’  ‘ l l r t i ( i i h l  t o  p l,, ,
~ 

‘‘“‘“ ‘‘

t he p r o p e r  r e l a t i v e  v a I n , -  on m m , ’ i i ,  i l ’ i , t l  I r a r a r t . ’ m . r s ,  - 
~~~~ B O R A M

In  c o ni t l I e r ’  m m . ! i- om p u t i i i y  . , m , ; ’ ! w a t l , m t m s  t , , , , , , . r
e m p h a s i s  i s  p laced on , . - ‘i t . l ’t ,r  m i m I m t .  r ’, use
r e l i a b i l i t y .  p . .wer ‘ I m s a i r m a t i , , , . , • . . . . h i i i y  r . ’q i i ir . ’ — _
t i , , ’ t m t s , t i r I ’ i t r . ,  a ’ - ’ w e - c l ?  - - S u i t ,’ g : . a t  O t t —

p o r t a n t ~ ’ . \ t . , i i t t e i m a . - i  . , s p a r . - ’. , ‘ I - - , , ’ . u ? . , t , . ~ m m  ~~ — , . .  , -

a nd b ’a~~n i r i g  • o s t ’ .  , , o ’t  t b ,  l i ’ , t j t i : , ’  , , t ’ ! n , - , - , 1 ’ , p —  
, - C -

i t , ’, , ’ ‘ .10.01 ’ !  Hr ( , . t s m ’ m , ’ t , ’ ’ l . I , , $ t  v t ! , ,  t n , ’ ,  ‘ . 5  - Ic a n  o n l y  ~
• ‘ ,- ‘!~ , ‘ : m , , , ’ ’  ! i t :  h i . ’  , t : t r ’ x ?  c i  ~ S p e c i t i .  i”

app h i .  a t , , ’ . , . l i t , ’ : , -  a r ’ ‘ ‘ ‘ i c o ns  ~ , ‘ ‘ i i ’ - ,
l i t .  r e l ,, ’ . , I i t :  s tu b t m . . ’ l - m I . , r i t ’, O h  V N t ’ S  t i

w i l l  ‘c r e f i , , . 1  u t  I , .t I , ! .  i - t e l ’ ’  c , , s t s  . t-. t u ,  m ’ s  l- ’ i y t i r . ’  .‘ , .“i l - t ’oi m t  ‘ -, , ~, \ ‘ ‘ i ’ l o t. \ ‘ .t
ha :- . ’ ‘ i S  l . , ’ . ’~ , ~~~~~~~~~~ i ,  e : :’ I . .r ,  b i t s  t m , ’ ,, \ t  ! h A ’ k . t ? i i , ’ O  , C - . t .  , , ‘
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c o n f i g u r a ti o n  of the  m o d u l e  was  1 ~i4  p o pu l a t e d . An  I C se ct : un  ‘ I c a r d .  D r : : : ; . ’ ’ .  t I m e  t un c ’ ion

S y s t e m  l e v e l  en ’,’i ro n r n en t a i  t e s t s  h a v e  not  been  of i i :t e r :ac , r : y to  a par ::~ ‘c a m  c o i m m u , m t e r  a ’, s :em .
p e r f o r m ed  . Fu r t h e r  p r o d u c t i o n  e xp e r i e n c e  and D r i v e r s , r e c e i v e r s , and : n? e r f a c e  p r o t o c o l  lc~~:c
e n g i n e e r i n g  d e v e l opm e n t  is needed.  C o m p u t e r  a r e  ir r .plente ntec h e r e  , Am :’; l og : ca l  :..‘a t - ,mr e t hat  is
s y s t e m  b e n e f i t s  in t e r m s  of p e r f or m a n c e  and li f e  l ike ly to be a :u n c t , o r .  o m a p a rt : c ul a r  cor :p - i :e r

cyc le  cos ts  need to be b e t t e r  q u a n t i f i e d .  In the  s y s t e m  m a  :: :cludec , Self t e s t  i s  an examp le. Dat a
near future it  is expecte d all of these open i s sues  format  c on v e r s i o n  is  a n o m e r  c a s e .  Th e C sec-
will  be a d d r es s e d .  t ion  is an t nt e rm e d , a r :  :) e : - ,, ’ee:: an e x t e r n a l  corn-

pute r  ar.d t he  mocule  c on t r o l  s ec t i on .

Devices  are cur ren t ly  being manufactured to
expand the m e m o r y  to the f u l l  c o m p l e m e n t  of A c o n t r o l  s ec t i on  ( 1  c a r d !  c , m n c m m c t s  a l l  data
in . S m e g a b i t s .  Module d e s i g n  a n t i c i pated the t r a n s a c t i o ns  in  r e s p o n s e  to 1- 0  sec t~or. r e q u e s t s .
m i l i t a r y  e n v i r o n m e n t  even though sy s t e m  e n v i r o n -  It c o n t at n s  c i r c ’m t t r v  to c o r , t r v i  t h e  i p e r at i o n  of
m e n t a l  t e s t s  have  not been  p e r f or m e d .  In d i v i du a l  the  atc r~~~e s e c t i o n .  ~~‘ conra .  us  a d a t a  h u t f e r , a
components  i n c l u d i n g  the m e m o r y  ch ips  ope ra t e  data e n c o d e r , and  e r r o r  d et e c t i o n  and c o r r e c t ton
over the - 5 5 ’ C t o  ‘ t- IZS ’C t e mp e ra t u r e  r a n g e .  c i r c u i t r ’..
The modified full ATR case d e s i g n  included p ro-
vis ions for EMI con t ro l .  The s t o r a g e  s e c t i o n  ( !2 c a r d s !  c o n s t i t u t e s  the  -j

l a r g e s t  par t  of the  m o d u l e .  T a k i ng  a d v a n t ai t e  of
Table 1 and f i g u r e  3 summarize the sa l i en t  the nonvola t i l e  nature c.~ N I N O S , the  memory

aspects  of the module.  Individual  c h a r a c t e r i s t i c  c a r d s  are  n o r m a l l y  p o w e r e d  d o w n .  A c a r d  con -
pa r a m e t e r s  will  be d i s cussed  in the text  below. s i s t s  p r i rr i a ril ’, ~ f memory c h t p s  with a smal l
The four  b lock f u n c t i o n a l  d i a g r a m  shows the c o m p l e m e n t  of d e c o d i n g ,  power  s’, v i t c h i rcz and
s imp l i c i ty  ~ f the desi gn , and should aid in u n d e r -  ou f f e r : n g  c i r c u i t r y .
s tanding module opera tion .

A BORAM module  is a s lave  to a compu ter .
Table 1. Major  C h a r a c t e r i s t i c s  of the MNO S The c o m p u t er  i n i t i a t e s  and d i r e c t s  t r a n s a c t i o n s.

BORAM Advanced  Deve lopment  Model To p er f o r m  a read , the  c o m p u t e r  would  s i g n a l

__________________ _______________ _______________ to the  I 0 se c t i o r  The 1:0 sec t i on  w o u ld  in t e r -

CHA nA Cr t  I t ISTI C MAi NiTU i)E pre t  the s ign a l s , p lace the c o n t r o l  s e c tio n  in the
read mode , ari d r e q u e s t  a word  f rom the data

524 288 32 ,,,, w,,,,is b u f f e r .  The  c o m p u t e r  would  t a k e  the  d a t a  f r o m
It ) ,orOose,,o,,,i s the B ORA M  m o d u l e  a t  i t s  own a s y n c h r o n o u s  r a t e

U~ ,a Tee,.’,’, t i ,.’. 250 (100 u s i n g  an a p p r o p r i a t e  i n t e r t a c e  p r o t o c o l .

D ata  (teOe,,t,u,, t , , , ,c 4 000 In r e s p o n s e  to 1 0 s e c t i o n  r e q u e s t s  the  c o n t r o l
Vo (o , ,, e t 48 C~it ~~t ~~‘ s e c t i o n  w i l l  act  to tu s  : n t a m  r, a res  e r v oir  of w o r d s

tos ,,,.‘,~~ , 
in the data b u f f e r . I t  w i l l  power  up :h.’ a d d r e s s e d

Mo, I~ l,’ Puw. ’r too ~m,u , m e m o r y  c a r d  and  read  d a t a  f r o m  a t o r a i t e  to t h e
________________ ______________ _______________ data  b u f f e r  u n t i l  the  b u f f e r  is f u l l ,  Thi s  t s  a re-

l a t ive ly  h ig h speed sy n c h r o n o u s  t r a n s a c t i o n  w h i c h
m i n i m i z e s  the d u ty  cy c l e  of the s t o r a i t e  s e c t i o n ,
B et’ ,veen  a c c e s s e s  the s t o r a g e  s ec ’ i o n  :s p o w e r e d

________________________________________________ down . B e c a u s e  of i n t e r l a c e d  t i n _ i : r g ,  d a t a  m ay  ::e
t a k e n  f r o m  the  b u f f e r  at a nv t ! m e .

The f o u r t h  f u n c t i o n a l  b lock  in f i g u r e  3 i s  the

1 •~~, 1 power  s e c t i o n .  The advanced  d e v e l o p m e n t  mode l
,,,, ,~~~~

,,, I o p e r a t e s  f r o m  a 120 . ’ 2 08 \ ‘ac 3 -p h a s e  ‘ay e  con-

‘O~ Li ~~~~~~ L_... ~~~~~~~~~~~~ 
n e c t e d  4 0 0 - h e r t z  posver sou r c e .  The power  “cc-

COØ T• OL ~ “7 r”i t i on  p r o v i d e s  7 d i f r e m e n t  r r ’y u l a t e d  and p r o t e c t e d

I dc : c , l t a g e  l e v e l s , M:e t o t a l  dc load is  3 t , ’ 40
________ i L w at t s .  B e c a u s e  of supp l I n e f ~ :c i ency , t h e  ac

power to the module 5 5~~’ t o  100 - s . , m t s .

N I C I ’~ ‘LE i ’L ! I  F ’ O R ’ I A N C E

- - — — - -~~~~ -s ~ A B O R A M  m - ! , m ! e  t i e r  .e s  as  is s l a t e  t , . a cor c-
p u t e r .  M o d u l e  ope r i ’  R i m  m n ’ , ’ I -  “9  n i t ! ’  mm , r ’ m w a r e
and s o f t w a r e  m u m ’ s ‘ i o n ,  l i , , ’ r e t  y r . , a

F igu re  3 . B O R . A M  Module  i n t ~~ m : o : m a t  s t o n  of p e r r o r t :~ar ~~ n m u s ’  r e  c,- : ic h e mt  i t -  ‘ I r e  c -n-
Block  Diag ram t e x t  of a h o s t  d u o  p r o  c e s s : n w  st , ’n : .  C u r r e ’ ’ l v

A-o 

-5- — - --~~~ -- -5- .



t h e  a d v a : mc e d  p ie:  e lop u i e n t  mode l  i s  equi pped w it h  C o n s m d e r a b t e  e:<:b:li: . i s  a , ! o w o m :  ::i a dm-, r e s s —

two  d i f f e r e n t  I 0 c a r d s .  One card  a l lows  com- ing . The m o du l e  ‘~‘ m j i  r e c o y r .m z e  a r c -~~ o r  a

m u n ic at i o n  with b’S N a v y  NTDS (A N E W  corn-  block . A g r o u p  m a  composed  of 12 -s  w u r u s , a r , mi

p u t e r  i n t e r f a c e s  ( MIL - S T D  1397 rype C compute r  a b l o c k  ccn t a : n s  Z’u 4 t  wo r d s ,  The n - o c u . e  s t o r ag e
i n t e r f a c e t ,  A second c a r d  is  o r u e n t e d  t oward  the c a p a c i t y  can  oe e x p r e s s e d  :n - :ar i ous  u m u m u s .

US A r m y  A N -  G Y K - I 2  ( TA CF I R E !  i n t e r f a c e .
ZSo b l o c ks

Per sonne l  at the N a t a l  A i r  T e s t  Cen te r  have 40% groups
used the BORA M wi th  the N TD S  1 0 card fo r  524 , 28~ w o r d s
approximately one y e a r .  The unit has been 2 , 097 , l i Z  b ’,’ :es
s u c c e s s f u l l y  ope ra t ed  w i t h  a PDP 1 1/4 5 computer  16 , 777 . 21 ’: b i t s
in the  N A T C  Sy s t e m s  E n g i n e e r i n g  La to ra to r y .
E x t e n s i v e  o b s e r v a t i o n s  of p e r f o r m a n c e  of t he  As imp lied b y the  a c r o n y m  B O RA M  gr o u p s
module and the  m e m o r y  c o m p o n e n t s  w e r e  ca r r i ed  and b l o c k s  can  he a d d r e s s e d  in  r a n d o m  or d e r .
out at t h i s  s i t e .  The module  was  a l so  ope ra t ed  Each of t h e s e  da ta  s e t s  c o n s i s t s  of an  o r d e r e d
s u c c e s s f u l l y  wt t h  the CP~~4ZB c o mp u t e r  loca ted  sequence  oi 3 2 - b i t  words . Op e r a t i o n s  a lway s
at the  N AI C  Chesapeake  Tes t  R a n g e .  In t h i s  case b e g , n  w i t h  the  f i r s t  w o r O  in t he  da ta  s e t .  A read
conf igurat ion control led  NTDS s o f t w a r e  was de-  or wr i t e  may be t e r m i n a t e d  by the  c omp u t er  at
veloped to allow r e f e r e n c e s  to the B O R A N I .  any t ime  wi thou t  loss  oi i n f o  r m a tm o n .
D e m o n s t r a t i o n  p r o g r a m s  w e r e  p r e p a r e d  w h e r e
NTDS o p e r a t i o n a l  p r o g r a m s  were  s o u r c e d  f r o m  P A C K A G I N G  A N D  \10 ) U I . A R I T Y
BORAM i n s t e a d  of core  m e m o r y .

Adequacy  or  p a c k a c i n g  and  n u c c i u l a r i t ’ ,- c o n c e p t s

The more  s a l i en t  a spec t s  of BORAM p er f o r m -  h a v e  f a r  r e a c h i ny  c o n s e q u e n c e s  on t h e  s u i t a b i l i t y
ance w e r e r ead i l.,’ c on f i r m e d .  The BOR~~ N I oper-  and u l t i m a t e  c os t  of a m e m o ry  sy st t ’ n . .  I I N C S
a t i n g  pro tocol  was o b s e rv e d  and found to c o n f o r m  B ORA M  has s i g n i f i c a n t  p o t e n t i a l  f o r  d e n s e  cost
to NTDS sp e c i f i c a t i o ns .  In p r a c t i c e , however , e f f e c t m v e  p a c k a g m n e  Fhe  a d - .a n c e d  c te v e l o p m e n t
the module r e sponses  w e r e  so much  f a s t e r  t h a n  e f f o r t  exp lo red some of t h i s  p o t e n t i a l  w i t h  im-
the compu te r  t h a t  t h r o u g h put was l imi t ed  by the o r e a s m v e  r e s u l t s ,
c o m p u t e r .  By o p e r a t i n g  with a t e s t  tool , it was
shown that  r e a d i n g  and w r i t i n g  could be a c c u r - i m -  F i gur e p r e s e n t s  the  p a c k a g i n g  c o n c e p t  f o r
p l i shed  at the maximum a l lowed  i n t e r f a c e  ra te  the  f i r s t  mr ,,~~: i l e .  The module is composed  t s i x
of 2 5 0 . 000 words per second .  A c c e s s  time to d i s c r e t e  a s s e m u l ’ , i t e m s :  n emit mc c a r d s  1 3 2 1 ,
the f i r s t  word of a data  block was  m e a s u r e d  as I C  c a r d , c c n t r u l  c a r d , b a c k p l a n e , c h a s s i s

26 m i c r o s e c o n d s, This was  4 m i c r o s e c o n d s  l e s s  s t r u c t u r e ,  a n d ir , :  nt p an e l .~~~A l l  r t e m s  a r e  :‘ea’u ly
than  t h e  30 m i c r o s e c o n d  o b j e c t i v e  shown in t ab l e  I . a c c e s s ib l e  f u r  r ep l a c e m e n t . Fai t h a s s e m b l y  can
This  is two to t h r e e  o r d e r s  of m a g n i t u d e  f a s t e r  be p r ’u d u c  em : , t e s t e d  and i n s p e c t e d  as  a u n i t  h ” t ,  r e
than comparable  dru m or fixed head d i sc  s’, s t er n s ,  modu le  a s s e m b ly .  The r e s p e c t i v e  i t e m : m s  are  rea-

s o n a b l y  i n d e p e n d e n t  i n  a f u n c t i o n a l  s en s e , an d
For the NTDS i n t e r f a c a , the B O R A M  responds  have simp le w e l l  K y -w i i n t e r f a c e s ,  T h i s  im p l i t ’ m’

to six i n s t r u c t i o n s :  STOP , R E A D , W R I T E , tha t each i t e m  can  h.’ o p t i m i z e d  f o r  p r o d u c a h i l i t s
S T A T U S , RESET and TEST. F i g u r e  4 show s the  w i t h o u t  f o r c i n g  c h a n g e s  i r  the  o t h e r  i t e m s .
i n s t r u c t i o n  word  f o r m a t .  The m a n n e r  by w h i c h
an individual  ins t ruc t ion  is executed  is deter -
mined by the modif ied b i t s  in the i n s t r u c t i o n w o r d .  - ,, ,,m, ,, , ,

M 4 Suppress  t imeout t e r m i n a t i o n  ‘O w ,f l : ’ , ,  /
M3 Suppress error correction it  t~~~~~~~~ ”~~~~ ~~~~~~~ ‘ ‘ ~ - 

mm
M2 Stop at  g r o u p  b o u n d a r y  ‘~‘ ~~~~~~~ :~ -M l  Stop at b lock  b o u n d a r y  
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F i g u r e  4.  B O R A M  I n s t r u c t i o n  Word  For m a ’
for  NTDS ( A N E W i  I n t e r f a c e  Ym ~~u r e  ~ . Di,’R A M  y l r - ’ ! , m t c  P a c k a g in g  Ci~ ncr ’ p ’
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A pr im ary goal of the mechanica l  par t i t ioning

shou ~d b e usab le by aU three serv ices in marty 
‘!

~~~
“

d i f fe ren t  programs.  Common usage i t ems  would -

inc lu le the m e m o r y  cards , control  cards , b a c k -  ~~~
‘

:~~~;; ~~~~~~~~ I
li t) card and f ront  panel .

rhe module is housed in a m o d i f i e d  f u l l  A T R  — J
box which is 10 .  125 inche s wide , 19 .  h t r 2 S  i nches  ~~~~~~

‘ “ ‘ ~~~~~~~~~~~~~~~~ ‘
de ep, and 1 2 . 9  inches  high .  Table 2 summarizes ,“ -. .

~ ii

y,,. , module  packag i ng density parameters. Informa- C

’

t io n densi ty ca lc u la t io n s a re r e f e r e nc ed to the ., ‘-

7’ - data bits actuall y availabl e to the u s e r , Da ta  is ~~~~
“— -

s tored in 38-b i t  words  w h i c h  c o n s i s t  of 32 in fo r -

-
~ T h e r e f o r e , ‘

Table 2 ~~~n5t~~~15 r a  
of 

ters for the A d~ anced 
_____ 

______________
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~
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i m i ~~’ ’ .s .i 1. i m  ‘ ‘— ‘ . .

i ’ , —  .‘ i t ’

1 he i n f o rn i a t i o n  d e n s i t y  f i r m  t h e  Bo!gr~’~t . s r  i, ,  ,, r m  0 , - t i c  I i  , ‘ e r,.

module was s u r p r i s m  n gl : -  good c o n s i d e r i t : g that
t he m e m o r y  c o m p o n e n t  c o n t a i n s  on l y 2 r ) 4 m.  b i t s ,  ‘ 

, 
‘ ‘ “ ‘  i ‘1. ~’ ‘ i i i ’ ’ ’ ,! 0 ’

A t y p i c a l  n - r i l i t a r i z e d  drum n c i g h t  a c h i e v e  50 i : ‘ ,  r I n n  i l l  .s — ‘ ‘ ‘ ‘ ‘. , t .~ ‘ ,

b i t s  ‘ cm 3 and Qu hits g r a i n .  One  p a r t i c u l a r  f a s t  ~~~ 
I , , ’ ’ —  i — n  ., r t~~ i n ’  — , ‘ - u  m , . r  I

ac - e s s  f ix e d  head r U s e  a c h i e v e s  Z ’o -  b i t s  cni 3 and  m I ~ m l ’  , ‘ ‘. . , . i m . , , i 1 , , 
~~~ i ‘ ‘ ‘  ,

3( 1 1 b i t s .- g r a n i . I’he san i e  u n i t  r u r m n i i i g  a t  ~~~~~~ ‘ ‘ ‘ , ‘ m , r  , r Ii

h a l f  speed can  i n c r e a s e  t h e  d e n s i t y  t i  4 ’ - ’  h i t s  / I , , r ’  i ‘ .1 .  - ‘ i - ‘ o c t ’ s m u  ,,. , r ’ , . . , .  I .

c r-n 3 and 52 8 h i t s  g r a n i . ‘ .s ,’ r o u : . : t m I s  v ‘ ‘  Ut ’ ’ , ’”  m i ’

i — ’ ’ . I , m ’ .~~’” ’ i ’ c ” I ’ m ’
It was  con c lu d e . l  t h a t  \ t \ y : m - . BO R A \ t  l i s t . . l  or - i t~ i ‘ i ’ d , I ’  i ’  t m ~~ h O ’ ’ . ‘ , ‘ . u’ , l  m l i i .

Z d 4 ’~ -b i t  chi ps c a n  c on ip e t e  w e l l  in i n f o r n r m s t i , t -“ ‘~ ‘ , ‘ “ , 0 • . i ” i ’O m .
d e n s i t y  w i t h  f i x e d  h ea . l  s v s t e t - n s .  \C,( .-. Iu 0 , \ \ t  ‘ r .  t ‘ t i ,  ‘ t ,  i — o r , ’ , :,’ ., ‘ , ‘ ‘ ‘ .i ’ ’ ”  i t - ’ .

ba se d on l a r g e r  c h i ps sl i . . u l d  a c h i , ’ ,-,’ t e n :  s i g n —  ‘ s ’ ’ ’ ” .~ I , ‘ ‘ . ‘ ‘ , r  i i ‘- “ ‘ i . .  i ’  0~~

fi cant d e n s i t y  , i ’ h : . , t r t a c e s  m ’ v , ’ r m i x e d  Ir a.! s: st en t s , m ‘ ‘ ‘ ‘~~~~~ ‘~ , 1’ , ’ ’ ’ ’ ’ i ’ ‘ r h
) S  i ’ , i ,  ‘ ‘ , , ,

t h e  r i s e  c , f  m u l t i i  ( t i p  h y b r i d  i n t e g t ’ m i t . ’’ h  i- ir— ‘ ‘ ‘  t ’ ’  l i i h ’ • ’ ’ . ‘ ‘  ‘ “ t ,  ‘ n, t ’ ~~~~~~~~~~ ’ ’ , ’ i’

c u l t r v  i n  m l : , ’  s t , i r m - i g . ’  M , ’ i _ t m i t t  , i ! I  ‘-a - , ’ I t b , ,  Si  b i t , ’ - , ’ — .‘. • i t  i u , ’. ‘ i ’ ’ ’ . ’ ,

r r i r ’ r i t  i i i  h i g h  - f , ’ o s i t v ,  ‘ c u r e ’ ,s ( , - : v s i i , ’  - ‘ — c h i p
r-n l c r o cj r .  r u t  ,t iel t h e  r r r r ’ r t , , i r :  c a r d .  A n i e m , i c ’ r v
c a r . l  i i , t t ’ a i t t s  ( (( 8 c h ip s  - m d  s m , r r , ’ s  I ’ - , ( s4  - a- i t ’ I , ’ I t  , — ‘ I . ‘ ‘. ‘ ‘ ‘ ‘ - - i  ‘ c

‘a’ ( . r c ,‘ ,t i Ii ‘a’ . r ‘I i i , , : ? , n t  is (8 h i t  a . I I i , ’  i i  - i r r l  i I ‘ . o t , 0 0’ ’ ‘ . ‘ 
, - - , -‘ 
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p ‘ ‘ ,

I:,~ u - m o r n  e t  ~ f rm . t im - c - n ’ , ut ah .mr: c m, ,.r’.s , a m :’: n u . ’a ’m s  I ~~~~~ ~~~~~~~~
‘ — ——

rtu s . st  e x i s ’  f i r  u ’ a n : ’ m  a u ~ ’ ~s , a m u ,  n or u m a g f l O s i ”  —— —  
~~~~~~~

— --— ——

of p r o m , . e r m , a  . :u mu -~ u a t  a l s o  n ’ , n t : c , ’a ,~ . c ,  ru ,, t 
-

o a m  mm ’ e n a m t : e  p m :  o s o bn :  a m . ru ,- a~~~: , u l i ’ . mm a’. - am ’ :  ‘‘  — ‘ ‘
~~ 

‘ -

-a’ ucIs ’ be t - . c”en  us e r s .  :h t s  . a t t e r  po n t  m a  in  - 
- 

-
- 

- - -

por ’a’.t , e u a u s e  t h e  B C R , -\h h m a  u n t e : . n e d  f o r  u m . a : m ’ ,

‘ t i  .- e r s e  a pp l i c a t m o ns .

The ad’, sn c . ’ri d e -~eh o u m e n ’  i3GR .-t.~ -I n u o ’t ’u le .
. 

-

u n c lu d e d  s es -e r a l  f e a t u r e s  to a- , c r d  un d e t e c t e d  -

errors , an to aid in t a u l ’  t s n i a u : o n .  C m r c t m , u t r ’ . 
- - -

-a’as pro’.- ,deci t y  c h e c k  the  ‘ia ’a a nn  ~ . -.‘e an a a r m  -

u n  t O e  es e n t  of e r r o r ~ The s t a t - i s  of :r ~ dc
power level s w -  t h i n  ‘ h 5 ~ BOR .A \1 are a i su - mon ,- 

F.c’.re ~~. c O t  1: s ’ r ’ .~~’ . ‘~~‘a F.i:n’ ,

‘oreO , and an alarm s m c n a l i s  e m i tt e c i  in  the 
SeN- ’ en b ’, ‘. ‘ ~, u i ”  r U. m a

event of serious d e s - r a t i o n , B - m I t - i n  test teat -ares

are incorporate d in the forn. o ’, four rest m n s t r u c -  
- 

‘~~ t A .‘erm u, es d n a ’  ‘u - c  C sect :on I ,c vi’:

t i or .a , T e s t  m a ’ ,- be conducten U: the computer or 
irte rpr el s : u s m r u c : u i , n s  an .’: routes :ata .s pera-

~~‘, n’a :i:~er1a nce te s ’ t o o l s , t r o n a !  . . ‘ he cot :r n : : n m c a t u o n  l u r k s  e c u -  ‘U.-
ho st y ormu p um er an n  t h e  BGR.A ’.t are chcit ’~

The mar iner by which ma ,:unctucna are m e- ~~~a t 4  mc cci. e’: ic  t m u e  ‘,‘ , , I ’ 
~~~.

‘ m .  ‘ed

pit rt ed u s of course a f u n c t : o n  i t t  t U e  u - o s ’  cem- 
dri ers am .’J se rm nac ’e to ‘°e ccp .n0 ’ er . The

Du ’ er . For the N ~ DS 
A ’ E’,; - int eu - :a~~e a stat us 

00mpum ers m uu ~ ,s t  g ,‘ ‘ c  m~~’e the ‘ h a m  i~~ ,~~’’C  n:- -

-a’orrl i s pro- .- uded . The hits in ‘U4 -,vo rd keep 
compare t r a n s r u u m ’ .-’u ’ r e c e u -  e m  c ams .

track of i”,t e rma , fauThres , ill egal ‘u’ansactions .
and t h e  mar . - e r  5’, - . vhm ch  c pe r a t i o n s  w e r e  m e m r m l -  : e s t s B, C an , D cor ,t m r . ’- ‘hu s ‘ : C c, ’ r r  ~~n ’ t

na ’er i .  S ta ’u s  words are sent ‘e t he c 0 u - . p ’ ut e r  p r o g r e s s~ 0~~\ C \ C  m } . y  .eru : ,e’u ar”~ ucene r

a ut o m a u : c a l l ’,- i n  ‘he ev en ’  of a t a i l u r e . o r  on .n t o ~~~C n i o cu t , ’ . -
~ ‘ s t  U a ym’ a t , ’ s : a ’~~ it

d em a n d  in r e s p o n s e  ‘ tm a TA T i ’s  i n o t r u c t i o m : . to e . e r ~ m e n .  r’, c h i n  m r  ‘h~ ‘ . ‘ .1” .

The  a ’u t o m ~~’ic r e s p o n s e  n s  a c c o mp lu s u m e n  by t h e
B C RA \ I  u s m r ’ ,c t h e  N TDS i n t e r u ” i o ’. s u g n a l -  n~ Se- p~~ em  d ,a c r t m  - : ,c r .‘ , r .’5 i t S”  “ i’ •~~~-. s e  or

cu e n c e .  The  B Q R . A b I  -xii I c on t in u o u s i ’, s end  t he  ‘e~~m m u - sm m v ’ : u - s . ‘ - r- h u m  ‘ ~u ’ •-rr eu - - c ’ . ‘ .c

i n t e r r up t s  u n t i l  t h e  f a u l t  c o n d i ’ mo n  i s  r e r un ed.  arid the n m : m n . a l  - a r , ’ ,’ ~ ‘ rc a -’  ~ s ’ it” m~ r -

‘h r o u g hl ’,- .’x n l- m e  ‘ ‘- . .- r ’, , i- - ’. u h , ’ . 5 - , - s ’ r . u - ’ - m

Data  e r r o r  d e t e c t i o n s b a s e d  on ‘he m u s e  of  a m o d u t m e r  n i t  is  nr c ’ ’. :c - ‘ I -~ ,: ‘ r.’ - s , u r u  -

Hamming simi cle- error correction co m e , Uata error cOm e . ‘ i’m . , , ‘, ‘ u , ‘ n  - C ‘C’ ‘

to be w r u ” e n  is m e m - e i . e d  i n  3 2 - n i t  - s o r  u s .  Each  p r e s s e d , ‘h e  c n n ’ ’ ,- ’ ‘ • . ~~~~

‘.vc rd u s en c o d e d  u n t o  a ) -~~- - t m m ’  -a-or- I  m e t o ’ r ’  s t or -  c h i p  l~. t’l .

a c e ,  W h e n  the data .s read r o m  s t o r ag e  u ’ :5

c h e c k e d  and dec0  I e d . I t  a s i ng l e - b i t  e r m e  r it cc  m r s  R E !  :.A l - : !  , ‘, - — ,. -

an er ror  a L a r m  s i i t n a l  u s  g e n e r a t e d . T h i s  c a u s e s
an e r r o r c o u n t e r  a s s o c i a t e i r  ~ r t h  ‘I : . -  s i s t  u s  F 0r  u-’ : : . t a r ’  a’ , u - i . i t  l ’ 10 u . t  m u ’ ~~- , ‘  u ‘ . ,.‘ : n’s

w o r d  to increm ent . The s :rmcl e- ’om err or us cor- 
di sc ~~‘ - ‘ en s ha t e ”,’ a’., ‘ •‘cs .~~e ot u-c, r

rec ’ed before m t  is transn .:t’e’ : to the con p o e m ,  
re, a,~ I ,,, . I:, ’ U! :.c~ i’C P A ’ -! s u m - - ~~y d or ’  -

mi aes alm:. ’ - o ’ an - r u ”  — ~~: m : u . i ,m m ’ m t

S i n g l e - m i m i  e r r o r s  a re  the mos t  l i k e ! ’ , “- pc of in :.‘ ‘ U~ -a ’m ’h no n’s ‘ ‘ t i’: , e , I n  -i ‘ ‘ a , :- , ‘ ( u ,

f a i l u r e  in t he  m o d u l e ,  B e c a : , s , ’ of e r r o r  c o r r e c —  a l l  d c c  r , ’ m i i t  so l ~d - s ’ ,a m e  tu i ’d ’ , Ie  ‘a’:!! U ’r a ’  e

Don ‘h i s  f a i l u r e  can he t o l e r a t e d  ‘a’i ’ b u o ’ m t  i n t e r -  e x p o s u r e  to r e l a t . c c lv  h o s t :  “ en . . . r u ’ e m  ‘ s .

r u p t m  n g  i s t  s te m ,  op eration .. Ti:,’ c-cc ’irrer.ce of
t h e  f a i l u r e  is r e c cr d e d  in the error cor.tm te r , i S  a m e t a l -  . n o ’ . i a h i t ’r ~~ c, - u -  - it

‘.‘.‘hen the e r r o r  c o u n t e r  0 . - e r  f l o w s , u u - t e u - ’ m,t u r r e c r a ’ ,’i~ c i r o  , m t  t e c b i n ij ,  c:  s i r , : u l a r  ‘i con ’..’ ’ -

s : cm: a s a m . ’  s e n t  to the ~o n u u , m m e r ,  Ii. t h u s  n . , r . n , ’ ’:. . ion a l \ I C S , s h a r e s  t h u . ’  s a u ~ m e  r ”  r ‘ ‘ . ad-

‘h e -  E C RA M  can be f l a g g e d  fo r  :- .a : m : t t ’’  a n ce  a m  t h e  . a ’: ’a g , -~ and pr  ‘ I t ” S ‘,t t  ~~ , I -
‘ r a t e

i r is ’ convenient moment. 
,- \u-m~ ’r . t ’ ’c e  t u ’  - m u  ‘.~ NC~ p a r t s  i t ’ , , . ’ .i , l i e h u - ’,s-

‘ e m :  a n a s  i’- s’ ’. i n  a m i - a r s i b  ‘dm 0 5\ ~ e”  ,

I ”  te a m u - s r - i ,  t i o n s  - S l I d  55 ‘b r ’  i t ,  t ’ .n  :‘ ,‘r or -s 
T I , .- o ,~~~ ’ m t  it i ’ ,  r ’ ’ ” r e ’- c , ’ ” ’’ . , -e ’ - u -  ‘ t  ~ s :  ‘ ‘INc ~

‘c i s ’ ’~~o I  ‘,, u-a n II’ . , , , t . u : r r :  the u : m , ’ r m  a! l o g u c  a n n  1i” ~ in m b . .  c - n :  ‘ i ’ ’. ot u. , ’.s s ’ r i g ”

‘ a ’s  m s i o -s’ hir ‘t m . ’  B C , P , . A I , ! .  F u r  ‘ . ‘a t s  c . 1 . e ’ :
8 ( i’  U’ m m , ’ p r o - :  led , I’ -g ni re I sb:,’-a’ s m ow A m u - : ’  i n .  - ‘ra ’ ’ g ’. m m ’  l a r t i ” n o n - - i  is ’ - ! - .’

‘ r —  m a ’ s  p ., ’b a  m — la ’e  t o  t h e  ‘ m m : ,  ‘iona l - -i :’’ ; f ’ i , . dj ’ ’- c m  , m , i  “‘i:,’~~m ’ ’ m ’ — u ,  : ‘ c — . m e.- t- ’ ,w ’’ ’ - m  I . , ’

0. .. e h i p  u . i , ! , r ”  r a t e  A ,, m d u it r u ’ s:: ’ C O r : ,  m m !
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rate A - : , Ac , ,sc ’, u s ’e c u - h p  h a s  e l t a c e s  n o p l m e ’ i , r e i i a u m ’. . t ’ . ,  ‘ m c :  ‘ 0 .’ e u t . - ; ’ s 01 1 ’  ‘ o I’ .,r”
au - i l  e l e c t r u c  f i e l d  s t r e s s e s  e x i s t  - a - : t h m n  the  - c m . - .  c o n , - ,‘ r c : o  s t . h !  ~a :.- i n s  r e . , s - r , i m : l e  to a e b , m , ’ .e
A d o m u - u . .s m: m c h ip  u - i sa  a l l  . c l’age s  r “m : .o -.- ,-’o , and  e t t e i  ‘ . - ‘.1 II’ !” is e n  ‘1-,’ c.  er  o t  I - c . j’,lO u-ours .
e ’.e , . :ruc  f i e l d  s tr e s se s  ,‘.‘i ’, h :uu  due  :.e are g r e a t U ;
r e d u c e d ,  The r a i l u r e  r a t e  or a i m a c t u ’ .-e U l . ’-CS - - -

m e u u n c r ’ , c h ip  is :~~p ”c ’ cmi to he  me s ~‘ :h s m :  .u t : e  ‘ - m — — — :

t a i l u r o  per 10 m i l l i o n  h o u r s ,  The ‘l or r -n an t  “s ~~ ~~~~~~~~~~~~~~~~~~~

f a i l u r e  ra te  i s  muc h l e s s  than  the ac’., :e u a u i .” c - - ‘ ‘  - - ‘I

r a t e , m d c a n  be c o n s a r - :a t i - ,- e l y  e s : m r m m s t e ’ :  as ‘one
te n t h  or t h e  a c t i ’ ;e r a t e. s~~- •-

“it

In a B O R A M  module  a l l  r u - e r r o r ’,’ c l u m p s  a r e  ‘ o~~~’

n o r m a U~ powered  d o w n .  Ue ’.- m c e ~ ar e  ru m . -  on l  ,, , ,  
~~
.

o n l y  for a da t a  r r a r m s a o - t : o n .  In the  a d s- ar c e d  u c -  ) 
-
~ \ ~~

. 
-

~~~ 
-

ve l op m e ru t  model no more than 3,’ c h i u - s  a r e  c -  e m  - I
turned on at one t t me .  T h e s e  g r o u p s  of 3s c h i p s  

-
~

are ca l led  se g m e n t s .  For m a t h e m a t i c a l  anal’ , i s i S , ‘ .- — “- “ - ‘ i t’

a module  is sa id  to c o n t a i n  D m m ire  r n o d u l~~, D 5 
‘ 

- 
,

d ie  ‘s e g m e n t  and S segnsen t s .. ’n-todule.  ‘ ~ \ , ‘su

F i g u r e  b show s a r e l i a b i l i~~’ mode l  b l o c k  did-
gr a m  f o r  t he  BC RAM module .  To examni i u’i e the - ~~~~~

i rn ip act  of n on ” o l a t i l i t ~’ on r e l i a b i l r t : , the  f : f m h
b lock composed of onl y the s t r o a g e  e l e m e n t s  w i l l
be examined.  T a ble  3 shows  e qu a t i o n s  fo r  f o u r  u-~~~~-r r e  Q . Co m o a r u s o n  of S or s~~e L . c t r e , - ’

-~~~ d e s i g n  a l t e r n a t iv e s .  The s t o r a g e  e l e m e n t  m e -  R e l i a b i l i t ’, :o r F o ur  F e s g u :  . A i : e m u - , m ,  m m - , es

l i a d m l i t v  P 5 is d e ;el o~~e ’l f r o m  the  P o i s so n  dis-
t r j b u t i o n  f o r  the  cho ice  of v o l a t u l e  and nonvola t i l e  T , o n : o l s t i I i m  , , of c o ur s e , has  o t h e r  u t - o r e

s e m i c o n d u c t o r s  w i t h  and - ,v i t h o u t  s in g l e - e r r o r  O d s  • o m . s  r e l : a h . i l i t y  : n r p l m c a : u c n s .  1- e c a u s e  :he

c o r r en t i o n .  .4 num e r i c al  a o l u t u c r i  n i  t h e s e  equ a -  me nr ,o r\  ch ips  a r e  p0 .-cr c  - down , ,ow at  s : t - u u .

t i o n s  is p rov ided  i u -  f : gu r e  0 for the U I E C S  B O R AM  power  ~s r e q u i r e d , I n t e r n.al I : c a t : n m s m  is m m i i  t i i r t u a I

f, a d - , an ce ’i  d e ve i o p r ner ,t  mu -t od d . and  m ’ u n c r  i c n m  m e n i p e r m i u r e s  i r e  q c m : t e  low.  I ‘ - s e n
- supp ly s t r e s se s  ;i mm d i t u0 n o l e x : t ’ , a r e  r e : uu c r ’  i ,  l u

_________________________________________ — s h o r t , r,o n : c - l~~t m l i t v  v u  t h e  s t o r a g  ,‘ , ‘ m m i m : ’, m m c . - s h u e
— fl~~”T~ C 

— 

~~~~ m e l  a i l  01 m e h r  it m u  o r e  r he c c
- 

~~
“ .-U :~ . . ‘. 

•:‘:~~~~~~~~~~~~~~ “ ‘  ‘~~~“‘  t h r o i , g ’it a r e o u c  m i o n  of s t r e s s  e s - c I a .
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I B e c a u s e  : , s r n  p h m ‘. it t I \ ( ‘-‘ ernst

cell , poten tm .i: r ’ x m — m s  :or - ‘ cry  u - h g I -  t e : , s s ’ ’,
— •. .. or’,- Coniponen ’s . U’tis p ’ ’ t t ’ n m m a !  w u l l  ‘ . I : i : :  , , u , - ! - .

- _ ,  F i g ur e -i , i3( R A \ t  M o d u l e  R e l s a b i l i t c  r e s u l t  i n  th e  c m . r : . : n , ’r o : , , l i p n l m c a r u r ’ i .  ot ‘.I N i ’S

Block  Diag rant BO RA M  i ,  an a l t e r u m a t u  ;r’ t o  dr um s - s r i  mx . ’ ’, I t c i :

discs. UCi ’t .’\~ - I  wi ll a!.s ~ , 5- . m m l m - ,’ ’ . -s -  eU  m c  , : t m a m
s o ru t . -  of tI me s r u m , m l h , ’ r m i d ,  , ‘ r t 5. :- : tm m u - , . -  n m . - ’ r m :g

TahI ’-  3 . S t o r a g e  E l e m e n t  R e l i a b i l i t y  Equ a t i o n s  h e a d  os s t e t m u s .

— —— 
Fig i”  I U ~~~~ r e  t o  I a ) C

— — —— —s t i o n  t o r  r ’ n t l i t s ” s  is t n  r t ~~ I

- , - - __ TI-itt ’ c u r- ,,’ shmis- s total ‘t-st ,’nm: pu m ’iti:ase O r : , . ’
‘ ‘ O , - ,’ ‘ ‘ ‘ ‘,  I :‘er s is t i u m :  m ’ ’h r . a r : g ! i  l ’~~ ’ ’ , ‘ n t i s  ‘ 1 m , ’ m e , - m m , , ’ ! —

‘ I ’ . 
0~
”
~ g’ . i: iuu : t s : s t ’ c r , ’  m i  p r i c e s  a r e  r ’ ’ ! . ’ t i u - . ’l t  h m ~u m , ,

- - - - it 
. 

~J 
sto ring tIm e u . S s p m u c e s  w i l l  ( m i t t s  - ~‘! .s’ h a m  cit
n : o st  f i xe d  a t  ms ’, s t e u u : 5 , 1- r i m - ” r i-cc t u i t ’ n r O wi l l
o c c u r  i c c . ,  m e , ’  oh p r . h i s i ’’. u i m ,  I . -  , r r i ’ : c . ‘x m .‘“ :e ’  i c ,

I t  is shown that for  n’ , ’n ’. ’ ’m : e s  wj t l u a l a r g e  c o n n p m ’— 
i t , ’ , ‘ ., ,, ,5 4 .it,: Ut on r e s ” , ’ m i n ‘ i:, tt’u :,u.er i t hi ’ s

n i e n t c o u n t  v o l a t i l e  ‘ p d h m : m ,  logies are a m  .m .s. ’ r : , ’ ’s s  ‘ i~~~~~~~’ , ‘ ‘‘  m i . ,  i t n r n c e  ic m e  s e a  c i m -

. i i s a d -  ms ru t ,m mu ,’ , ‘i h e  p r e f e r r e d  c h o i c e  is  ‘ l e . , m l t ’ a S C  . ‘ h ’ r a t , ’’ , .. r r , ’ t - m r ’ u . ’ ’ i ’ i: ’ , : , ’ .as , . . , . m : i m n m \  or

- ( “ - ‘ m c ‘a- , ’ 5 m ,‘ r r o r  c o m m . , ’ ? u o r , , i ! n S  t r i m u . b i ”~ um r ‘0’ L n i t  h e  ,~I , t ’ um

c h . , i c e  e m u — ,  ‘ ‘ : , -‘ ly  m e  t m , - . - .’ a ‘( m e  n , e r m , o r ’ ,
n , , ’n m ag t h e  m u  i m o r  m m -  ‘ - - r i n  u , ’ t e r n r L m m ~ i t’, a ’ ,’t u ,

A — I ()
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The p c r u i ,- u ’ u-m . ,m r u o c  and m ’nv smca l o!,ar ’ic’cn m a t .c a

of t :e iu-:u’ou.e ‘acre - - e r :t u e c  0’; ‘!irec ‘ u - , ’

~ t~o - m e n , t s  , :u - e  s- ; S te : m m  a’as ,n t e r : a c , e mu to  , e u e u - m l
a h o s t  c c u u - u n u : e r  s - . s m e m : ’ , s  an n  “ a s  o u , s e r - ; e - u  t o  tit e r’ —

f o rm  - s eP .  Th e  ‘ ,u - : : ‘-sum s g r o a n  m c - ,e csu m p a r : u . l e
‘~u u h  s t a n ’ h a r ’ m  m u P t a r ~ rm , ,r  u- s-are a u - n h  s ’ - m t ’ ,mm a re .

Pats t u c K  r a t e s  -a -c r c  o : , s e r ’ . ec  to  m a t c h  t h e  u m a x : —
muxri s a l l o w e d  U’. i n t e r f a c e  s p e c u : u c a t u ’ , mus A c c e s s
t i m e s  ct less than 30 mu crose conos ‘acre con-

f i r m e d .  The t r . o d -u l a r  h u g h  de~~s its; p a c s m i c : r , g  or
the m o d u l e  was  s u i t a b l e  f o r  use  m u -  n i t u l i t a r ’, en-

~ ~~t s’:ro nrt m r - n t s , a u -n  w ag  co ru ’uo c tu ,-e to r e ’i o c e c  log is -
tics o o s t g .  B u i l t - i n  , t : a m z r , c s t u c  e a n a o u , i r e s  s - i l ,
a l l o w  s: u -m p l if uemu m u - m a i n t e n a n c e  p r o c e du r e s .  The

u- c-n’ . o ! at u l e  n a t u r e  or ‘(me s e ru - i i c’c n ” uc ’ or  r u m e m c r ’ ;

~~ ______________________________________ c o m p o n e n t  cç’r , t r i h u u e s  s , g n u f : c a n t l ’ . to  t ’ e i , a : , i P r ’,

1974 1976 t979 t980 1982 1964 t 956 1988 1990 e m ’ u han c er r ’m e n : , C o s t  p r o t e c t i o n s  s I m i t , w n  r a p i d  p r u c e
TIME IVEAS SI r e d u c t i o n s  as  d e v e l o p m e n t  p r o c e e d s .

F igu re  10. Expected Cost  T r e n d  for I t  h a s  b e e u u  c o n c l u d ed  t h a t  t h e  t e e  u r u i c a l  f e a s- .
BORA M Modules ibi lit ’ ,’ of I- , l T t O m i  BCR .AM has  ‘~e e u -  s a t : e t a c u u - r u l v

demonstr ated. The r e c h n e l o ~~v i s  a s u p e r u i tar
I n i t i a l  p u r c h a s e  p r i c e  us  o n ly  a par t  of the  a l t e m u - . a t : - ; e  to :u x e d  head e l e c t r o t r c c u - a u u u c a l

cost  of a s t o r a g e  s y s t em , L o g i s t i c s  su p p o r t  s t o r ag e , and us  c a p a b l e  Cu m e n ’ u : u - o  n m : i i m m a r :

costs  o v e r  the u s e f u l  l i f e  of the un i t  ~hcuId  a l so  s e c o n d a ry  s t o r a g e  m m c c i ”  os ’” r a - s - u - u . -  r a r , c e  of
be we ig hed.  Compared to e l e ct r o m e c h a n i c a l  ap c i : ca t i o n s .
s y s t e m s , I c I N G S  BORA M is e x p e c t e d  to o f f e r
ex tended l i f e . sun ap l i fi e d  m a i n t e n a n c e  a n d  t r a u n -  A C K N (  “ps::; T L I c l l ’ N T
ing .  and reduced s p a r e s  c o s t . These  i s s u e s  are
being s tud i ed , and q u an t i f i e d  da ta  wi l l  soon be
e s t a b l i s h e d .  The  a u t h o r s  w u s h  m u -  a c k n o w l e dg e  the s up p o r t

and a d v i c e  of ~~ci t  m a m : a c  e rru e n t  ~- ‘e r  s o u u u ,n ’ 1 assoct a -
SU M M A R Y  ted  w i t h  t h e  BORAIC ie ’, - e l o p u - : e r , t u m ’ . cl u d u n - o

D. H a r a r z  an d  F , h a m m e r  a t  FCC t I  an:: B. 7 c m-
The tex t  has  p r ov i d e d  a p r o g r e s s  r e p o r t  on an po Pe  U at N ,A t~C. h:e e v a l u a t u o n  ‘ can ’. a’ N ,ATC

advanced  d e v e l o p m e n t  i n v e s t u g a t i o n  in to  the  i n c l ud e ’ :  , DoUr’,- .!, md-u a r u s m z . 5. A l e x a n d e r
t e c h ni c a l  f e a s i b i l i t y  of .\ I N C S  BOR. A M as a , u en -  and J .  \ t c n t \  m e ,  ‘, V e s t i u - i c I u i t : ’ m s e  e ng  ,u - , .’ er s  c — u t -

e ra l  pu rp o s e  m i l i t a r i z e d  s e c o n d a r’ ,  s t o r ag e  u n i t .  t r i b u t i  ng to t h e  n : o uu , le  - t n ’s i sn  u t r e l c a m e R .  Popp,
The veh ic l e  for t he  i n v e s t i g a t i o n  svas a I n .  8 m e g a -  W. G i l l  and  IC, h I m ’ u ”U r,no n.
b i t  a d v a n c e d  deve lopmen t  m o d e l .  The u n i t  was
d e s i g n e d  and f a b r i c a t e d  by a c o n t r a c t o r , and was
subjec ted  to an i n d e p e n d e n t  go ’  e r t : u i ’m e um t ev a lu l a t i c i m .
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