






































































































































































































































































































































































































































































































































































ONR 
Washington, D, Co 

RADC 
Rome, New York 

SRI 
Menlo Park, California 

Fairchi Id Semiconductor 
Mountainview, California 

Optics Technology 
Belmont, California 

NASA 
Washington, D. C. 

National Security Agency 
Fort Mead, Virginia 

Hughes Ground Systems 
Fullerton, California 

Raytheon SC Division 
MOlJntainview, CalifoP.ia 

Signetics Corp. 
Mountainview, California 

Honeywell Electronics DP Div. 
Welles ley Hi lis, Mass. 

Burroughs 
Paoli I California 

Navy BuShips 

USAER&DL 
Fort Monmouth, New Jersey 

Texas Instruments 
Da II as, T ex as 
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Opti cal components 

Opti cal components 

All-magnetic logic 
Cellular logic for integrated 
circuits 

Electron beam fabrication 
FI uid logi c 

Monol ithic integrated circuits 
Hybrid integrated circuits 
Interconnection and packaging 
techniques 

Fiber optics 
Laser techn i ques 

Active thin-fi 1m integrated 
c i rcui ts 

Monolithic integrated circuits 
Packaging techniques 

Optical techniques 
Integrated circuits 

Environmental stabilization of 
electronic equipment 

Monolithic integrated circuits 
Packagi ng techn i ques 
MOS circuits 

Monolithic integrated circuits 
Field effect devices 
Packaging techniques 

Logic circuits 

Thin-film circuits 

Packaging and maintainabi lity 
techniques 

Integrated circuits 

Lasers 
High-speed serial circuits 

Multi-circuit chip fabrication 
Monolithic integrated circuits 



Rem i ngton Rand UN I VAC 
Blue Bell, Pennsylvania 

Fluid logic (pneumatic) 
Interconnection techniques 

Discussions with personnel of these organizations provided a basis for much of the 

information presented in this report. In addition to discussing techniques and 

approaches that have not been adequate Iy descri bed in publ ished literature, the 

opinions of experts in specific areas in these organizations were solicited concerning 

the advantages, disadvantages, limitations and future prospects for different com- . 

ponent and packaging techniques. 

10.7.2 Literature 

An extensive list of references pertinent to the study of components and packaging 

techniques is given in the Bibl iography. A study of many of these references has 

contributed to the materi al presented in this report. Some of the more pertinent 

and important of these referred to in the text have been extracted from the bibli­

ographyand listed in this section as specific numbered references. These numbers 

correspond to numbered citations in the text. Direct quotations have been used 

where noted. 
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10.8 SECTION 6 MEMORY TECHNOLOGY SOURCE MATERIAL 

Memories have been discussed with personnel of a number of different companies and 

governmental agencies in the course of this study. The following list indicates the 

companies and governmental agencies with whom memories have been discussed and 

the type of memories discussed with each: 

Rome Air Development Center 
Rome, New York 

Contro I Data Corporation 
St. Pau I, Minnesota 

Remington Rand, Univac 

Bunker-Ramo Corporation 
Canoga Park, California 

Fabritek 
Emery, Wisconsi n 

NCR 
Hawthorne, Co lifornia 

Sylvania 
Wa Itham I Massachusetts 

Ph i leo Research Lab. 
Newport Beach I Ca Ii forni a 
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Cryogenic Memories, 
Random Access Memories, 
Non-Rotating Mass Memories, 
Cryogenic Associative Memories, 
Magnetic Associative Memories 
Plated Wire Memories 
Permo Iloy Sheet Memori es 
Associative Memories 
Assoc i ative Processors 

Magnetic Thin Film Memories 

Coincident Current Magnetic Core 
Matrix Memories, Word Organized 
Magnetic Core Matrix Memori es, 
Magnetic Th in Film Memories, 
Associative Memories 

Woven Screen Memories, 
Biax Associative Memories, 
Thin Fi 1m Plated Wire Assoc. Mems. 
Transfluxor Associative Mems. 

Coincident-Current Mag. Core Matrix 
Memories, 
Magnetic Thin-Fi 1m Memories 

Plated Magnetic Rod Memories 
Photochrom i c Memori es 

Permanent II unit-record ll magnetic 
card memori es 

Magnetic Thir:l Film Memories, 
Biax read-mostly memory, 
Biax associative memory 



RCA Laboratories 
Pri nceton, NeVI Jersey 

Laboratory for Electroni cs 

Autoneti cs, 
Anaheim, California 

u . S. Arm y Eng i ne e ring 
Research and Deve lopment 
Lab., Fort Monmouth, N. J. 

Offi ce of Nava I Research 
Washi ngton, D. C. 

Nationa I Security Agency 
Fort Mead, Mary land 

u. S. Navy Bureau of Ships 
Washington, D. C. 

Hughes Ground Systems Div. 
Fullerton, California 

IBM Federal Systems Div. 
Rockvi lie, Maryland 

MIT Lincoln Labs. 
Lexington, Mass. 

Burroughs 
Paoli, Pennsylvania 

Librascope 
Glendale, California 
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Cryogeni c Random-Access Mems. 
Cryogenic Associative Mems. 
Laminated Ferrite Memories 

Perma Iloy Sheet Random-Access Mems. , 
Bernoulli-Disc Rotating Memories, 
Bernou lIi- Disc Mass Memories 

Memory Systems and Hierarchies 

B ~ock Ori ented Random-Access Mems. , 
{static ferro-acoustic storage}, 
Memory Systems and H ierarchi es, 
Magneto-optical and Electro-optical 
Memori es for Displays, 
Glass delay-line Memories 
Plated Wire Memories 
Ferro-Acoustic Memories 

Magnetic Core Memories, 
Read on Iy Memori es, 
Cryogenic Memories, 
Associative Memories, 
Optical Memories 

Thin-Fi 1m Memories 
Cryogeni c Memories 

Associative Memories, 
Magnetic Disc Files, 
Magnetic Card Memories, 
Mass Memori es, 
Mi litarized Paper Tape Equipment 

Associative Memories, 
Magnetic Domain Wall Shift Registers 

IBM Divisions Militarized Disc File 

High-density, large-capacity 
Magnetic Thin-Film Memories 

Thin-Film Memory Planes 

TOKO Plated Wire Memory 



Texas Instruments 
Dallas, Texas 

Remington Rand Univac 
Blue Bell, Pennsylvania 

Stanford Research Institute 
Menlo Park, California 

Fairchild Semiconductor 
Palo Alto, California 
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Thin-Film Memories 

Plated Wire Memories, 
Planar Thin-Film Memory 
Electromechanical Mass Memories 

Thin-Film Techniques 

Integrated Circuit Memories 



10.9 SECTION 7 MACHINE SYSTEMS ORGANIZATION REFERENCES 

1. "Why Multicomputers? ," W. F. Bauer, Datamation, September 1962. 

2. "Highly Parallel Machines," W. B. Comfort, Datamation, 
September 1962. 

3. "The RW -400 - A New Pol ymorph ic Data System, II R. E. Porter, 
Datamation, January/February 1960. 

4. liThe Burroughs D825, II J. P. Anderson, Datamation, Apri I 1964. 

5. JJThe Design of the B5000 System,.. W. Longergan and P. King, 
Datamation, May 1964. 

6. "Planning the 3600," C. T. Casale, Proceedings FJCC, 1962. 

7. "PMR Real-Time Data Handling System, System Description and 
Programming Concept," Informatics, Inc., Unpublished Report 
to Headquarters, PMR, 1963. 

8. "A Multiple Satellite Real-Time Control Network,1I V. White, 
IEEE Transactions on Military Electronics, October 1963. 

9. "Generalized Multiprocessing and Multiprogramming," 
A. J. Critchlow, Proceedings, FJCC, 1963. 

10. II Multi -Level Programming for a Real-Time System, II A. B. Shafritz, 
A. E. Miller, and K. Rose, Proceedings EJCC, 1966. 

11. "Computer Design from the Programmers' Vi ewpoint, II W. F. Bauer, 
Proceedings, EJCC, 1958. 

12. JlAn Automatic Sequencing Procedure with Applications to Parallel 
Programming, II E. So Swartz, Journal of ACM, Vol. 8, p. 513. 

13. II New Concepts in Computing System Design/' G. M. Amdahl, 
Proceedings of the IRE, May 1962. 

14. JlAnalysis of Computing Load Assignment in a Multi-Processor 
Computer,JJ M. Aoki, G. Estrin and R. Mandell, Proceedings, 
FJCC, 1963. 

15. II Multi -computer Programming for a Large-Scale Real-Time Data 
Processing System,1I G. E. Pickering, E. G. Mutschler and 
G. A. Erickson, Proceedings, SFCC, 1964. 

16. JJDesign for an Associative Computer, II P. M. Davies, Proc. Pacific 
Computer Conference, Pasadena, Cal iforn ia, March 1963. 
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17. "A Cryogenic Data Addressed Memory /' V. L. Newhouse and 
R. Eo Fruin, Proc. Spring Joint Computer Conf., May 1962, p. 89. 

18. "A Magnetic Associative Memory,1I J. R. Kiseda, H. E. Seelbach, 
w. C. and M. Teig, IBM J. Res. and Dev., April 1961, 
pp. 106-121. 

19. IIAlgorithms for Content Addressable Memories,lI G. Estrin and 
R. H. Fuller, 1963 Pacific Computer Conference, IEEEo 

20. IJContent - Addressable Memory System Reportll No. 63-25, 
Nonr 233(52), R. H. Fuller, Department of Engineering, 
University of California, Los Angeles, California. 

21. IIAn Associative Processor /' R. E. Ewing and P. M. Davies, 
Proc., F JCC, November 1964, pp. 147 -159. 

22. HAn Organization of an Associative Cryogenic Computer ,11 

R. F. Rosin, Proc. AFIPS SJCC, May 1962, pp. 203-212. 

23. 1I0rgan ization of Computer Systems - The Fixed Plus Variable 
Structure Computer," G. Estrin, proc. WJCC, San Francisco, 
California, March 1960, pp. 33-37. 

24. IIAssociative Logic for Highly Parallel Systems,1I R. R. Seeber 
and A. B. Lindquist, Proco FJCC, November 1963, pp. 489-493. 

25. IIA Search Memory Subsystem for a General Purpose Computer ,II 
Ao Kaplan, Proc. F JCC, November 1963, pp. 193 -200. 

26. IIA Hardware-Integrated GPC/Search Memory," R. G. Gall, 
Proc. FJCC, November 1964, pp. 159-173. 

27. II Associative Memory with Ordered Retrieval, "R. R. Seeber and 
A. Bo Lindquist, IBM J. Res. and Dev., January 1962. 

28. IIAssociative Self-Sorting Memory, II R. R. Seeber, Jr., Proc. 
EJCC, December 1960, pp. 179-188. 

29. liThe Logic Theory Machine,1I A. Newall and H. A. Simon, 
IRE Trans. on Information Theory, Vol. I-T-2, 1956, No.3, 
pp. 61-79. 

30. "A Machine for a General Purpose List Processor, II Ro L. Wigington, 
Trans. IEEE on Electronic Computers, Vol. EC-12, Dec. 1963, 
p. 707 -714. 

31. liThe Best Way to Design an Automatic Calculating Machine,1I 
N. V. Wilkes, Manchester University Computer Inaugural 
Conference, Proceeding, July 1951. 
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32. "Micro-programming and the Design of the Control Circuits in an 
Electronic Digital Computer, II M. V. Wilkes and J. B. Stringer, 
Proceedings of the Cambridge Philosophical Society, April 1953. 

33. "Microprogramming, M. V. Wilkes, Proc. EJC, Dec. 3-5, 1958, 
pp. 18-20. 

34. "A Note on Microprogramming", H. T. Giantz, Journal of the 
Assoc iation for Computing Machinery, Apri I 1956. 

35. "Micro-Programming", Robert J. Mercer, Journal of the Association 
for Com put i ng Mach i nery, Apr iI 1957. 

36. "Microprogramming and Stored Logic, II Lowell Amdahl, Datamation, 
Feb. 1964, pp. 24-26. 

37. "TheTRW-133 Computer", W. C. McGee, Datamation, Feb. 1964, 
pp. 27-29. 

38. liThe PB-400 Computer, II E. O. Boutwell, Datamation, Feb. 1964, 
pp. 30-32. 

39. liThe C-8401," L. Beck and F. Keeler, Datamation, Feb. 1964, 
pp. 33-35. 

40. "Stored Logic Programming and Applications, II Richard H. Hill, 
Datamation, Feb. 1964, pp. 36-39. 

41. "CIRRUS, An Economical Multiprogram Computer with Microprogra:n 
Control, II M. W. Allen, T. Pearcey, J. P. Penny, G. A. Rose, 
and T. G. Sanderson, IEEE Transactions, Dec. 1963. 

42. "A Memory Organization for an Elementary list-Processing Computer, II 
V. O. Muth and A. K. Scidmore, IEEE Transactions on Electronic 
Computers, June 1963. 

43. "Microprogrammed Control for Computing Systems," G. B. Gerace, 
IEEE Transactions on Electronic Computers, Dec. 1963. 

44. Symposium on Advanced Computer Organization, AFIPS Computer 
Conference , Munich, 1962. 

45. liThe Design of a General-Purpose Microprogram-Controlled 
Computer with Elementary Structure, \I Thomas W. Kampe, IRE 
Transactions on Electronic Computers, June, 1960. 

46. "The KT Pilot Computer - A Microprogrammed Computer with a 
Phototransistor Fixed Memory," H. Hagiwara, K. Amo, S. Matsushita 
and H. Yomanchi. 
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47. liThe Atlas Computer, II C. H. Devonald, and J. A. Fotheringham, 
Datamation, May 1961. 

48. IIIBM System/360 Engineering, II P. Fagg, J. L. Brown, J. A. Hipp, 
D. T. Doody, J. W. Fairclough, and J. Greene, AFIPS Proceedings 
F JCC, 1964. 

49. liThe Central Control Unit of the Atlas Computer, II F. H. Sumner, 
G. Haley, and E. C. V. Chen, IFIP Congress, Munich, 1962, 
p. 657. 

50. IIOrganization of computer systems; the fixed plus variable structure 
computer, II G. Estrin, Proc. Western Joint Computer Conf., 1960, 
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Appendix A 
STORAGE ELEMENTS 

1.0 INTEGRATED CIRCUIT MEMORIES 

Integrated semiconductor circuits are discussed in detai I in Components and .Packaging 

(Appendix B), but their appl ication as storage elements deserves additional considera­

tiono The most obvious storage application of integrated circuit techniques is in 

registers where each bit position of the register is mechanized with a single integrated 

circuit flip-flopo Registers mechanized with individual integrated circuits will be 

available within the next year operating at cycle times in the order of 50 nanoseconds, 

i.eo, the rate at which the flip-flop may be repetitively set, sensed, and reset. New 

developments in integrated circuits are leading to propogation delays in the order of 

2 nanoseconds per gate, but the complete cycle time for a flip-,flop is several times 

the propogation delay of an individual gate. By 1970, integrated fl ip-flops may be 

available with cycle times less than 20 nanoseconds. A small scratch-pad memory 

mechanized with elements of this type is somewhat slower overall, of course, since 

some time is required for addressing and selection. 

Integrated circuit flip-flops are expected to be the primary method of mechanizing 

individual registers in new machines within the next few years 0 Prior to 1970, advances 

in the state of the art in integrated circuits will permit the fabrication of several stages 

of a register (perhaps the entire register) on a single sil icon monolithic integrated 

circuit chip. Those applications in which transistorized fl ip-flops are nOw used 

will quickly give way to individual flip-flop integrated circuits, and to multi-stage 

integrated circuits before 1970. 

In a somewhat different approach, a prototype memory has been developed in which a 

special integrated circuit storage element is used with XY matrix addressing and 

selection techniques. This element, selected by a coincidence of X and Y signals, is 

simpler than a conventional flip-flop {e.g., only a single output is required}o The 

element was designed to operate at very low power levels (approximately 30 mi lIiwatts 

per element) and for a cost per bit that is relatively low for high-speed scratch-pad 
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type memories. The designers state, IIAlthough the cost in $/bit/ nanosecond for 

integrated circuit memory is higher when compared with magnetic core memory, it is 

lower than magnetic thin film memories having a cycle time of 300 nanoseconds 0 Also, 

a 100 to 200 nanosecond memory system having a size of say 256 words by 24 bits, can 

be readily produced in quantity in 1964. 111 At present, individual chips and packages 

are used for each bit of storage 0 

The next step beyond the use of multi-stage integrated circuit chips is the fabrication 

of several hundred bits, or more, of semiconductor storage in a single silicon chip using 

XY matrix addressing and selection techniqueso This type of active circuit storage, 

using bipolar transistor techniques, is anticipated for small high-speed control memory 

applications by 1970. At present, however, the most udvanc:ed work in this direction 

involves the use of metal-oxide semiconductor field-effect type elementso Several 

companies are actively working on this type of storage array for control and scratch-pad 

memories 0 

One semiconductor manufacturer has reported work on a small low-cost random-access 

memory array mechanized with MOS elements which is significant in that a single chip 

contains an order of magnitude more components than other integrated circuits now 

being manufactured. The efforts to date have produced a complete memory array of 

16 four-bit words on a single silicon chip 115 mils by 145 mils in size (approximately 

ten times the area of a conventional integrated circuit) 0 About 30 chips can be 

fabricated on one silicon wafer with present yields of 4 to 5 good chips per wafero 

The total read/write cycle time for this device is 4 microseconds -- a 2 microsecond 

read time and a 2 microsecond write time. The relatively slow speed of 4 microseconds 

results from the fact that the MOS is a high impedance device. The rise time is 

approximately 75 nanoseconds and the fall time approximately 575 nanosecondso 

Although this type device is slow compared to integrated circuit flip-flops using 

bipolar transistor techniques, it is of great interest because the MOS devices are much 

easier to fabricate than epitaxial integrated circuits o Since significantly fewer pro­

cessing steps are involved, the fabrication of large arrays of elements with reasonable 

yields is more feasible. A speed improvement of an order of magnitude is probably the 

best that ca n be expected in th is type storage. 
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As integrated circuit technology and yields improve, workers in the field anticipate 

the fabrication of somewhat similar arrays of storage elements permitting significantly 

higher speeds through the use of planar epitaxial transistor elements rather than MOS 

elementso Mro Rex Rice, of Fairchild Semiconductor, has predicted that large inte­

grated circuit arrays using bipolar transistor techniques will eventually replace magnetic 

core memories in appl ications where relatively high speed (e og 0, 0.5 to 1 microsecond) 

is required and where a volatile type memory is acceptable. 
3 

He also believes that 

volatile storage is acceptable for more internal memory applications than is generally 

recognized. This prediction impl ies that high-speed integrated circuit storage arrays 

of this type can be built at a cost that will be more than competitive with magnetic core 

memories, and that power requirements per element can be reduced significantlyo The 

power required per stage is a serious consideration for any active storage array since 

holding power is required for each bit position in the array. 

200 TUNNEL DIODE MEMORIES 

Storage elements using the negative resistance characteristic of tunnel diodes 

have been investigated extensively for high-speed scratch-pad type memories 

with cycle times of 10 to 100 nanoseconds and capacities of 128 to 512 words. A 

few years ago, it appeared that this might be the only feasible method of achieving 

these characteristics; however, other techniques such as epitaxial integrated circuit 

arrays and small magnetic thin-film memories offer promise of providing these charac­

teristics (except possibly for the extreme fast end of the speed range) at a significantly 

lower cost" Since no requirement is anticipated for such extreme speeds in a 1970 ACDS, 

tunnel diode storage is not a major competitor for use in such a system. Hence, these 

techniques have not been investigated in great detail since other storage techniques can 

meet the future requirements for a shipboard data system at significantly lower costs 0 

Even optimistic projections imply future costs for high-speed tunnel diode memories of 

no less than 50 cents per bit. 
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300 PLANAR MAGNETIC THIN FILM MEMORIES 

Planar magnetic thin film memories represent one of the more promising approaches to 

batch fabrication of storage arrays. At present, they are used primarily in small high­

speed control and scratch-pad memories 0 Future appl ications as very large low-cost 

memories are anticipated by 1970. 

Most previous thin-fi 1m developments used an array of discrete elements fabricated by 

vacuum deposition processes on a substrate such as glass or aluminum. 4,5 Each element 

is abolJt 1 000 angstroms thick and is approximately 25 x 50 mils in area. Some more 

recent developments use either a continuous sheet6 (see Figure 1), or narrow strips7,8 

of thin magnetic film vacuum deposited on the substrate. The X and Y drive lines are 

either vacuum depos ited on the same substrate with appropriate insu lation between 

them or, in some cases, the drive I ines and sense I ines are fabricated on a separate 

substrate which is then mechanically superimposed over the one containing the magnetic 

elements 0 Registration problems are less severe for the strip and the continuous sheet 

arrays. 

Anisotropic material is used so that there is a preferred direction (or easy 

axis) of magnetization. In a conventional planar .hin-film memory, the word line runs 

parallel to the easy axis of magnetization (creates a flux pattern in the hard direction) 

and the digit and sense wires run parallel to the hard axis of magnetization (creates a 

flux pattern in the easy direction). A word wire then rotates all bit positions of a word 

in the hard direction, but they tend to flip back when released. A relatively small digit 

signa I pushes them into the one state or back to the zero state as desired. Since the flux 

path is not closed, the sense signal is small due to the flux being only rotated rather than 

switched. This resu Its in a smaller sense signal and a tendency to creep or demagnetize 

a long the outer edges of the bit spot. Due to the latter effect, a large number of d is­

turb signals may tend to destroy the information stored in the bit positiono This creep 

problem is overcome in most cylindrical film (plated wire) memories since the magnetic 

material closes on itself, hence there is no tendency to creep at the edges. To 

alleviate the creep problem, the film.is made thinner. The thicker the film the greater 

the tendency to demagnetization and creep. On the other hand, the thinner the fi 1m 

the less the sense signal, hence a compromise must be made between the desired sense 

signal and minimum creep in choosing the thickness of the film. 
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Figure 1 (b). Cross-section of High Density Thin-Fi 1m Storage Element 

V-A-5 



A number of problems have plagued thin-film memories including: 

1) Dispersion - The direction of easy axis is not uniform over the 

entire film (should be less than 50). 

2) Skew - The direction of the easy axis is not exactly as intended 

(shou Id be less tha n 50). 

3) Low word sense signal - Since the flux path is not closed and 

the flux is not switched but only rotated, word sense signals 

are 0.1 to 0.2 millivolt. 

4) High drive signal followed by low sense signal - It is necessary 

to balance out the high drive signal on the sense wire. The 

drive signal is approximately 10 volts compared to a 0.1 to 0.2 

mill ivolt sense signal 0 

5) Magnetostriction - A material of approx imately 19 0 6% iron and 

80.4% nickel is required for zero magnetostriction. If the iron 

content is slightly too high, a negative stress will deteriorate the 

rectangu larity of the hysteresis loop; if the nickel content is too 

high, a positive stress signal will decrease the rectangularity of 

the hysteres is loop. 

6) Yield - Perhaps 300/0 to 500/0 yield can be obtained in small planes 

(e.g. 128 x 24 bits) but it is not economically sound to build a 

large memory out of a multitude of small planes because of the 

interconnection and mounting problema To make an economical 

large array, it is necessary to fabricate a large plane with a 

large number of bit positions, but the yield problem is much worse 

in this case. A 50% yield on small planes might imply an almost 

negligible yield on very large planes if 100% good spots are 

requ ired. Therefore, for large planes, it may be necessary to 

develop some redundancy techniques so that the system can operate 

with a limited number of bad spots. Because of these problems, 

th is type of memory is usually operated in a word-oriented fashion 

rather than a coincident current mode. This increases the cost of 

the associated electronicso On the other hand, the use of domain 
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wa II rotation and the absence of a closed flux path perm it higher 

speed operation in this type of memory than in a magnetic core 

matrix memory 0 

Use of glass substrates for planar thin-film memories requires higher drive power, but 

problems of flux trapping in the substrate are avoided 0 Use of meta I substrates causes 

current spreading and hence provides poorer operating margins, but more uniform films 

can be obtained and closer packing densities and lower impedances are permitted 0 

Many companies are working on magnetic thin-film memories. It has been predicted 

that within the next few years they wi II replace magnetic core matrix memories for 

high-speed appl ications (less than 1 microsecond cycle time) and for very large capa­

city applications, but it is questionable whether they will replace coincident current 

magnetic core matrix memories for slower speed appl ications (cycle times of 2 m icro­

seconds or greater) requiring less than 10
6 

bits. 

The major applicationarea in which planar thin-film memories are currently being used 

is that of small high-speed control memories. The next most likely application area 

is that of very large-capacity low-cost memories, but a memory of this type is approxi­

mately five years away. The use of thin-films in the intermediate area between a few 

hundred words and perhaps 106 bits is more questionableo In the small memory the 

array cost is negl igible, the electronics predominate, and the main advantage is the 

speed that can be achieved (in the order of 100 ns or so) that cannot be matched by 

cores. In the large memory of over 106 bits, the advantage is in the low array cost 

when the array cost begins to exceed the electronics cost. However, in the inter­

mediate area, the speed of core memories will drop to 1/2 microsecond, and they may 

be cheaper than equ iva lent th i n-fi 1m memories for a long time. For larger capacity 

memories of less than 106 bits where the electronics are still a significant portion of 

the cost, the electronics of core memories are cheaper than those of thin-film memories. 

Magnetic core memories will continue to dominate the range from a few hundred words 

of microsecond memory to approximately 106 
bit memories (the main range of internal 

memories) for some time, but the batch fabrication aspects of th in-fi 1m memories may 

alter this balance by 1970. 
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Thin-film elements can now be rotated in approximately one nanosecond, but the 

associated electronics cause selection to take at least 35 nanoseconds. Thin-film 

memories can provide non-destructive read out, require less power than core memories, 

and are batch fabricated. However, the low sense signal level requires a good 

differential amplifier; fast rise time circuits are required, and it is difficult to ade­

quately control the magnetic variables to produce uniform elements. Memories of 

4000 words capacity with 100 nanosecond cycle times, and 64,000 word memories 

with 500 nanosecond cycle times appear reasonable for the future. 

A 400 nanosecond cycle time thin-film memory being fabricated for the Johnsville 

Naval Air Station is typical of current work in thin-film memories. This memory is 

word-organized, contains 1024 words of 50 bits each, and operates in a 400 nano­

second cycle time. The array is composed of film deposits approximately 900 angstroms 

thick that are rectangular in shape, measuring 25 x 50 mil. A single film is used for 

each bit. Manufacturing costs of current film stacks are between 20 cents and 50 cents 

a bit,and development of a film plane within the next year costing approximately 5 cents 

a bit is expected. These costs are for the fabricated planes only and do not include 

electron ics • 

Both X and Y axis lines are superimposed on the same printed circuit card with a plastic 

deposit separating them. The digit lines are approximately 32 mils wide, each con­

sisting of two 10-mil lines separated by a 12 mil gap. The two 10-mil lines are joined 

at both ends of the board and are terminated in a plated-through hole for interconnection. 

The drive line is approximately 23 mils wide, each consists of two 9-mil lines divided 

by a 5-mil gap. The drive lines are also reconnected at both ends in plated holes, 

which are fed through the opposite side of the adjoining board, and fed back parallel 

to the first I ine to provide a proper termination, and to provide noise cancell ing 0 Each 

memory plane consists of a total of 112 substrates which are placed on a single printed 

circuit board. This is done to reduce the number of interconnections involved on the 

board and to decrease the total number of film spots that are deposited on a single sub­

strate, thus increasing the yield. The reverse printed circuit board is placed over the 

film and the total assembly is bolted together between two holding plateso The drive 

and sense lines are then terminated. 

V-A-8 



Higher performance thin-film memory work is represented by the memory being 

developed for the REDMAN program in which the memory planes are fabricated by 

depositing a continuous film of nickel cobalt on a polished aluminum substrate.
6 

This memory has a capacity of 4096 words of 50 bits per word organized as 8192 

25-b it words. 

The density is 625 bits per square inch with a 80 mil spacing on the digit lines and 

60 mil spacing on the word lines providing 3200 bits on a 3 by 3 inch substrate. The 

cycle time is 140 nanoseconds and the access time 100 nanoseconds. The first version 

of this memory using discrete semiconductor components for the electronics is scheduled 

for completion in June 1965. The next step will use all integrated circuits for the 

logic circuits and sense amplifiers. Integrated circuit word drivers (500 milliamps) 

and bit drivers (-:t 150 milliamps) are approximately 18 months away. 

Th is program is expected to lead to array costs of 1 cent per bit and complete memory 

costs of 10 cents to 15 cents per bit by 1967 for an 8,192 to 16,384 word memory 

operating at a cycle time of 100 nanoseconds. The cycle time for this capacity memory 

may be reduced to 50 ns by 1968 or 1969. 

A sem i-automated th in-fiim fabrication system has been deve loped for the REDMAN 

memory in which 50 substrates can be processed in one evacuation. The 50 substrates 

are initially stacked on one side of a specially designed vacuum chamber. The sub­

strates are then passed one at a time successively through a substrate heating area, a 

magnetic film deposition area, a silicon oxide deposition area, and into an output 

stack on the other side of th e vacuum chamber. 

Another development program is pointed toward the batch fabrication of a very large 

(l0
6 

words) low-cost memory using magnetic thin-fi 1m techniques. 7 ,8 Those working 

on this development believe that the real future of magnetic thin-film memories is in 

the large-capacity low-cost area and that there is more to be gained in this area than 

in the small-capacity high-speed area. Their approach is to fabricate high-density 

planes by first depositing a thin continuous permalloy film on a thick glass substrate 0 

Next, a continuous copper film is deposited on top of the permalloy film. Conventional 

photo-resist, masking, and etching techniques are used to etch through both the copper 

and permalloy to the glass substrate leaving thin strips of permalloy with copper on top 
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of the permalloy. This assures exact registration between the copper that will become 

one of the drive wires and the permalloy film that is the actual storage media. A 

similar glass substrate with permalloy and copper strips is placed at right angles over 

the first one {with suitable insulation} providing a storage matrix where each bit of 

storage is defined by the cross-over of two copper/permalloy strips. This permits a 

two wire addressing, driving and sense system in which the upper and lower permalloy 

elements at each cross-over form a semi-closed-loop magnetic structure. 

The glass substrate is 8 inches long by 1.6 inches wide and approximately 1/411 to 1/2 11 

thick. After etching, the lines are 2 mils wide on 8 mil centers. The permalloy film 

is 300 to 1,000 angstroms in thickness and the copper conductors are 20,000 to 40,000 

angstroms in thickness. The resistance of each copper lead is approximately 25 to 55 

ohms. The creep problem {interference between adjacent bits in high-density planes} 

is the major difficulty to be overcome. The strip technique, with the copper conductors 

deposited and etched on top of the permalloy, overcomes the registration problem for 

high-density planes. 

Yields of 50% have been experienced in low-density planes (500/0 of the planes had no 

bad elements), but the yield to be expected with the high-density planes is unknown. 

A combination of fabrication techniques and the provision of some redundancy to permit 

eliminating a few bad lines is being depended upon to provide a reasonable yieldo The 

following advantages are cited for the use of high-density planes in this program: 

1) Cost (more bits per fabrication process); 

2) Fewer interconnections; 

3) Short electrical lead lengths in very large memories. 

The goal of the present development project is a 10
6 

word memory with 36 bits per 

word. Within the next year, a 10
6 

bit prototype should be in operation. The total 

106 word memory will require 30 memory stacks, 30 word drivers, 40 digit drivers, 

and 2,000 sense amplifiers. The memory will be organized as 18,000 words (linear 

select) of 2,000 bits each. The designers estimate that sense amplifiers can be built 

for $20 each and the entire memory (36 x 10
6 

bits) for $1 00, 000, or 0.3 cent per bit. 

V-A-10 



The current state of the art in planar thin-film memories is illustrated by the following 

listing which shows the status of four memories intended for specific military computers 

by one manufacturer: 

Words Bits/Word Speed Status 

128 16 3 megacycle In production 

128 50 4 megacycle Operationa 1 

8000 50 2 megacycle 1/2 operationa I 

1024 24 20 megacycle Goa I of early 1965 
(NDRO) 

10 ml0cycle 
(R ) 

Small capacity magnetic thin-film memories have already been used in several computers 

to provide a few hundred words capacity for multiple high-speed registers requiring 

read/write cycle times of fractions of a microsecond. In one machine, a small magnetic 

thin-film memory is used to mechanize multiple arithmetic control registerso In another, 

a magnetic thin-film memory is used to provide a small high-speed multiplexed input/ 

output buffer that also serves as an internal scratch-pad memory. At least one special 

purpose computer is currently being designed with an 8,196 word thin-film main memory 0 

Improvements in the cost of magnetic thin-film memories are being made rapidly, so 

that their cost may be competitive with linear-select or word-oriented core memories 

in the near future. The choice between I inear-select magnetic core memories and 

magnetic thin-film memories will be made primarily on a basis of speed vs. costo 

Because of the inherent magnetic and electronic techniques involved, there is little 

cost saving in slowing down a magnetic thin-film memory to operate at speeds slower 

than 0.5 microsecond cycle time. On the other hand, there are significant cost penalties 

in trying to operate magnetic core memories at less than one microsecond. These con­

siderations indicate that magnetic thin-film memories will be in widespread use during 

the 1970's. 
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4.0 CYLINDRICAL MAGNETIC THIN-FILM (PLATED WIRE) MEMORIES 

Another type of magnetic thin-film memory is fabricated by plating a magnetic film 

on a wire substrat~o 9 
The wire substrate then serves as one of the electrical conductors 

in the system. A closed flux path is obtained by the magnetic film surrounding the 

wire in a small region. A cylindrical thin film of this type offers the advantages that 

the closed flux path requires smaller digit currents, produces a larger sense signal, 

and is not as susceptible to creep. The fact that the wire substrate is used as either 

the digit or word conductor reduces the mechanical registration problems in the fabri­

cation of the memory. The major problem with this type of memory has been the 

difficulty of producing satisfactory cylindrical films. Recent developments in these 

fabrication techniques have made this type of memory appear very promising. 

In a recent paper, IIPlated Wire Magnetic Thin Film Memories,1I 10 presented at the 

1964 Intermag Conference, Danylchuk and Perneski presented the following comparison 

of plated wire and planar fi 1m memories. 

111) Production method and control 

Comparison: Plated wire is produced and tested in a continuous, serial 

process. Flat fi Ims are batch produced. 

Conclusion: For plated wire, small numbers of bits may be rejected if 

bad. For flat fj Ims entire arrays may have to be re jected due to fa i lure 

of a single bit. 

Comparison: The plated wires can be expected to be subjected to strain 

during fabrication of a memory plane. Flat films, which are plated on 

rigid substrates, are relatively free of strains due to handling. 

Conclusion: During production a carefu I control of the magnetostriction 

of the plated wire must be maintained in order to prevent adverse strain 

effects. 
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"2) Output signal level 

Comparison: The plated wire circumferential mode can use film 

th ick nesses of 1 #l (10, OOO~) and more due to the closed fl ux path at 

remanence. Flat film thicknesses, which are limited by demagnetizing 

fields, are normally on the order of 1000.R. 

Conclusion: Output signals are considerably higher for circumferential 

mode plated wire memories, while bit packing densities are comparable 

to those achieved with flat films. The axial mode plated wire has no 

advantage over flat films in this category since its film thickness is also 

lim ited by demagnetiz ing fie Ids. 

"3) Current levels 

Comparison: Optimum coupl ing ex ists between fields produced by 

currents in the plated wire and the magnetic film deposited on the wire. 

For flat films, both digit and word solenoids must be added to the film 

array, and the opening of these solenoids are normally from 0.003" to 

0.005". Also, slotted drive lines are normally necessary to permit 

penetration of the field generated by the uppermost conductor to the 

magnetic fi 1m in the planar construction. 

Conclusion: For memory organization using plated wire as the digit line 

(circumferential mode), small (15 ma) digit currents are required. Alter­

natively, an axial mode memory which uses the plated w ire as a word 

line, requires relatively small (200 ma) word currents. On the other hand, 

since the plated wire diameter (0.005") sets a lower lim it on the area 

of the solenoid enclosing the wire, word currents are 0.7 to 1 amp for the 

circumferential mode/and digit currents are approximately 0.2 amp for 

the ax ia I mode. For flat films dig it currents are approx imately O. 2 amp, 

while word currents are approximately 0.3 amp. It must also be pointed 

out that using the plated wire as a digit or word line leads to a much 

higher characteristic impedance than for a corresponding flat film memory 

line. II 
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In one type of cylindrical thin-film memory used in a commercial computer 

the direction of magnetization of the cylindrical elements is parallel to the center 

conductor rather than circumferential to it. 11 

In this rod memory, a cylindrical thin film of magnetic material is deposited over a 

conductive substrate, but the axial switching mode produces an open flux path element. 

A multiple turn winding is placed over the plated rod for each bit positiono The 

plating material is essentially isotropic and proper operation of the memory does not 

depend upon anisotropy in the material. 

The manufacturer claims that this magnetic rod memory is more advantageous than 

either magnetic core matrix memories or planar thin-film memories in the range of 

0.5 to 1.5 microseconds and hopes to lower this range to approximately 0.3 micro­

second: Magnetic core matrix memories are more advantageous at slower speeds in 

the range of 2 to 6 microseconds; magnetic thin-film memories are more advantageous 

at very fast speeds of about 0.1 to 0.25 microseconds. They estimate that in the range 

of 0.3 to 1.5 microseconds, the magnetic rod memory will have approximately the 

same price per bit as a two microsecond coincident current magnetic core matrix 

memory; approximately 25 cents per bit including electronics. The electronics are 

compatible with and similar to those of magnetic core memories with a sense output of 

80 millivolts being provided. Two major factors are cited as making the rod memory 

economically feasible. 

1) Rod manufacture is a continuous process including the automatic 

w iring of a pair of spiral wires around the rod. 

2) Tooling has been developed to permit automatic fabrication of 

the memory stack (including multiple turn windings into which 

the rods are inserted). 

The lack of a closed flux path is recognized as a disadvantage, but the use of a high 

coercivity magnetic material, permitted by the tight coupling of the multiple turn 

winding, overcomes this disadvantage. As a result of the high coercivity of the 

material, the tight coupling, and multiple turn windings, fast switching and large 

output signals can be obtained. 
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In another type of cylindrical thin film (plated wire) memory, the direction of 

magnetization of the cylindrical elements if circumferential to the plated wire providing 

a closed flux path (see Figures 2 and 3). A 100,000 bit plated wire buffer memory of 

this type has been del ivered to NASA for use in a spacecraft, 12 It operates at a sequen­

tial bit rate of 100 kc with 500 milliwatts power consumption.
13 

Similar techniques 

are presently being used on an RADC contract for a six-month feasibi I ity study of a 

100 x 10
6 

bit plated wire memory. 
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Figure 2. Information Storage on Plated VVire 

/ 

WORD SELECTION 
DIODE MATRIX 

~H-t+r+I-+~~:;"" 

ETCHED WORD LINES 
SUPPORTED BY 

THIN GLASS EPOXY 

Figure 3. Sketch of Plated-Wire Memory Plane 
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A 10,000 angstrom permalloy film is plated on a 5 mil beryllium copper wire,. This 

wire acts as both a substrate for the plating and as the digit drive and sense wire 0 

During the plating process a polarizing current is sent down the wire to give a magnetic 

easy axis circumferential to the wire. The word drive conductors consist of flat metal 

straps placed over the parallel digit wires. 

The word drive straps are either returned under the digit wires or terminated in a 

ground plane beneath the digit wires. The digit wires are placed on 15 mil centers 

and the word drive straps on 45-70 mil centers. The bit density is approximately 

1,500 bits per square inch. 

The plated wire costs approximately 0.1 cent per bit. One million bit memories have 

been quoted at approx imate I y 8 cents to 9 cents per b it for one of a kind memories, 

including electronics. The target cost for the 108 
bit RADC memory is 1 cent per bit, 

but the actual cost will probably be lower than this. 

The film switching time is approximately 40 to 80 ns. The following cycle times are 

anticipated: 

1) 100 ns read/write cycle for small control memories; 

2) 150 ns read cycle for 4000 word NDRO memories; 

3) 250 ns write cycle for 4000 word read/write memories. 

This memory uses low-level sense signal switching and selection prior to the sense 

ampl ifier. The same two-transistor switching matrix is used for the sense signal and the 

digit drive signal. Hence, one end of the matrix is connected directly to the beryllium 

copper w ire substrate that serves as dig it dr ive line and sense line. 

The sense signal from the storage array is 10 to 15 millivolts. A unipolar word drive 

current of 500 to 1000 milliamps, and a bipolar digit current of approximately .:!:35 

mill iamps are used. Due to the low inductance resu Iting from the geometry of the 

memory array plane, the back voltage on the word drive I ine is quite low (about 

3 volts across 200 wires). For 108 bit memories fabricated in 105 bit banks, this 

plated wire memory ach ieves an average of approximately 525 bits per wired inter­

connection compared to 150 for thin-fi 1m memories by the same manufacturer. 
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The 10
8 

bit memory for RAOC is designed In 10 banks of 10
7 

bits each. The digit 

lines will be 8 feet long and the word lines 6 feet long. The memory is to be packaged 

in a 4 x 5 x 1.5 foot package including the power supplies and electronics. A portion 

of this memory has been fabricated to prove feasibility. The breadboard consists of a 

4 x 5 foot ground plane with a limited number of full length bit lines intersected by a 

limited number of full length word lines. In the final memory, each module will consist 

of a 3.5 x 4.5 foot array of four planes (essentially a 7 x 9 array folded on itself 

in each direction). The 100 x 10
6 

bit memory will be assembled from 9.4 x 10
6 

bit 

modules. Each word line will control 64 words of 72 bits each (4608 bits per word line) 

with the 72 digit drivers and 72 sense amplifiers switched to one of the 64 words on the 

selected word line. A 10 microsecond read/write cycle is planned, but a 1 micro­

second cycle can be achieved for a slightly higher cost -- possibly 20%. 

A number of plated w ires with a reasonable yield are bei ng fabricated currently, but 

with the present technique, it would take approximately one year (assuming a 50% 

yield) to make the necessary number of wires for a 100 x 10
6 

bit memory. As a result, 

one of the goals of a manufucturif1~-1 study to be conducted next year will be to cut this 

time to three months by developing methods of plating at a rate of 15 inches per minute 

and of plating three wires in parallei through the same sei of baths. 

The following advantages are cited for this plated wire memory; 

1) Cheap; 

2) High speed for this size memory; 

3) Simple fabrication; 

4) Closed flux path structure; 

5) Non-destructive read out (NORO) on both read and write, i.e., 

Wr ite dr ive current on the word line does not destroy the stored 

information in those bit lines which do not have a bit drive signal. 

This permits a very large word, only a portion of which is read or 

written at a given time. Hence, the selection of a word drive line 

selects a large number of bit positions comprising the memory word, 

but only a limited number of these comprising the machine word are 

actua II y read or wr itten as determ i ned by th e bit dr ive line sw itch i ng 

matr ix 0 
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The disadvantages are: 

1) Relatively high power (200 watts); 

2) Size (20 to 30 cu. feet); 

3) We ight (400 to 500 IbSo). 

These are disadvantages relative to the memory being developed under the cOiTlpetitive 

study contract I but not relative to disc fi I es. 

Except for very fast control or scratch-pad m(;;lnories, plated wire memories using 

techn iques s im i lar to those in th ic: RADC memory are among the more prt)~1 is i rIg 

competitors for the major types of storage requ ired in a 1970 ACDS. 

Thic; piated wire memory study for RADC is in competition with a parallel study of a 

permalloy sheet toroid memory described in the next subsection. The initial goals for 

these studies aj'e: 

1) Cost to mil itary user (I ess tha n 1 cent per bit) 

2) Cyc let imes (under 100 microseconds) 

3) Capac ities (100 x 10
6 

bits) 

4) Volume (less than 30 cu. ft.) 

5) Power (less than 500 watts) 

6) Weight (less than 200 Ibs.) 

7) MTBF (5000 hrs.) 

8) NDRO and random access to the word 

9) Military specifications for shock, vibration, temperature, etc. 

The studies to date indicate that all of these specifications will be met or exceeded 0 

It is anticipated that the costs can be roughly comparable to the 0.2 cents to 0.25 cents 

per bit for militarized disc files. If the preliminary results of the two six-month study 

contracts under way at present prove out in final design and production, the random 

access mass memories will equal or exceed the characteristics of the militarized disc 
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file currently being procured by the Navy in all respects except cost. If the cost can 

be made competitive, these memories will represnt a significant advance in large 

capacity storage for tactical military applications; but there is, of course, an appre­

ciable difference in the availability of these memories (approximately mid-1967) and 

the militarized disc file (early 1965). Also, it is quite possible that by the time one 

of these random access memories is available, the capacity of the militarized disc 

file will have been increased and the cost per bit decreased. Although a cost differen­

tial may exist for random access magnetic memories for a long time, they will certainly 

offer advantages in speed, reliability, size, weight, and power. 

Two competitive six month study contracts were awarded by the Air Force in May 1964 -

one for the plated wire memory discussed above, and one for the permalloy sheet toroid 

memory discussed in the next subsection. Both contracts will likely be continued on a 

competitive basis through the technical feasibility phase and the first part of the 

manufacturing feasibility phase (approximately December 1965). At that time, the 

best technique will be selected and the work will be continued with one of the con­

tractors 0 The approximate schedule for the development of 100 x 10
6 

bit random 

access memories is: 

Tasks Duration 

Study 6 months 

Technical 9 months 
feasibility 

Manufacturing Phase I 
techn iques 10 months 
feas ib i I ity 

First-full 
scale model 

Phase II 
5 months 

16 months 
(approx. ) 

Time Schedu Ie 

May 1964 -
Nov. 1964 

Feb. 1965 -
Nov. 1965 

Feb .1965 -
Dec. 1965 

Jan. 1966 -
May 1966 

Feb. 1966 -
May 1967 
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Comments 

Essentially completed 

Includes design of integrated circuit 
bit drivers and sense amplifiers and 
completion of skeleton memory with 
1 x 106 bit capacity by both contrac­
tors. Probably only 105 bits actual 
working storage - amplifiers, drivers, 
etc. 

Study of manufacturing and fabrication 
techniques for both approaches. 

Expans ion of the 1 x 10
6 

b it memory 
from the technical feasibility study to 
a lOx 106 b it prototype us i ng the 
manufacturing techniques developed 
during Phase I, but by only one 
contractor. 

Fu II 100 x 10
6 

bit memory using manu­
facturing techniques of the one selected 
approach and contractor. 



5.0 PERMALLOY SHEET TOROID MEMORY 

The permalloy sheet toroid memory is another approach to the batch fabrication of a 

low-cost large-capacity memory. In this technique, a permalloy sheet is bonded to a 

substrate. A pattern is printed on photo resist covering the sheet, and the permalloy is 

etched away to leave a matrix of toroidal permalloy storage elements. Several succes­

sive printing, etching, and plating processes are involved in making the connections 

from one side of the array to the other through the toroids and the connections on both 

sides of the board for the drive and sense wires in the array (see Figure 4). 

Figure 4. Three-Corlductor Wiring Pattern for a Permalloy Sheet Toroid Memory Plane 

This design effectively combines a number of known techniques into an interesting batch 

fabrication technique for a large memory array. This memory is described in greater 

deta iii n a paper presented by Fu II er at the 1964 I ntermag Conference. 14 

This development program is "aimed at improving processing speeds by providing data 

processing systems with random-access memories approaching the speed of ferrite-core 

matrix-memories, but at a cost that economically permits mass memory capacitieso II 
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The goal in this development is a large capacity memory in which coincident current 

selection is used to reduce the electronic costs, and in which a very large memory 

plane (256 x 256 bits) is used to reduce storage wiring fabrication costs as well as drive, 

selection, and sense electronics costs. In a 6.5 million bit memory module, it is planned 

that the smallest unit that is individually handled in processing is a matrix plane of 

65,000 bits. The cost objectives for this development are 0.3 cents per bit or less. 

This is the second approach to 10
8 

bit memory supported by the two RADC study contracts 

discussed in the preceding subsection. During the study contract, 16 x 16 planes have 

been fabricated. In a few of these, a II 256 bit positions are good. The contractor 

is now working on 64 x 64 planes with 256 x 256 considered the next step. The ulti­

mate memory wi II be made of 6.5 x 10
6 

bit modu les each containing 100 of the 256 x 256 

planes .. The memory has a read/write cycle time of 35 microseconds and an access time 

of 15 microseconds. It is doubtful that these speeds can be improved significantly. 

Coincident current write and an unusual type of coincident select read are used in this 

memory. Coincidence of two frequencies (rf) is used in read selection with the sum or 

difference frequencies (resulting from the non-linear characteristics of the magnetic 

toroid) being detected for sensing. This technique is NDRO and provides a signal to 

noise ratio of 10 or 20 to 1 • 

Problems with magnetostrictive effects due to the stress in the permalloy before it is 

bonded to the substrate have been experienced, but this problem has apparently been 

overcome by heat treating the permalloy after bonding to relieve the stress. Getting 

the process under control and providing sufficiently clean rooms for the fabrication are 

rna jor problems. 

For the 10
8 

bit memory, the permo Iloy sheet toroid approach requ ires less power 

(approximately 80 watts), smaller size (12 cubic feet), and less weight (100 Ibso), but, 

it will always be significantly slower than the plated wire approach. The fabrication 

process is also more complex. 
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This type memory is more promising for large auxiliary on-line storage applications 

than for internal storage because of its slow speed. The eventual cost will be a major 

factor in determining its usefulness as auxiliary storage for a 1970 system 0 

6.0 LAMINATED FERRITE MEMORY 

The laminated ferrite memory is another promising approach to batch fabricated memories o 

Different vers ions of th is type of memory are proposed for both sma II-capac ity, h igh­

speed, control memory applications, and for large-capacity, medium-speed, main internal 

memory applications. This memory and the flute memory discussed later differ from other 

batch-fabr icated memory arrays in that ferr ites rather than thin meta II ic fi Ims are used for 

the magnetic media. 

Basica Ily, the memory consists of a matrix of X and Y w ires imbedded in a sol id sheet of 

ferrite (see Figure 5). In fabricating the memory plane, a pattern of parallel conductors 

ACCESS HOLES 
PUNCHED I 

METAL PASTE I 
CONDUCTORS 

FERRITE I 

Figure 5. Laminate Details for Laminated Ferrite Memory 
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is printed on a glass substrate by a "silk-screening type process. II A film of ferrite is 

spread over the conduc tor pattern on the substrate by a process ca II ed "doctor-b lad i ng • II 

After the ferrite binder dries, the ferrite is peeled off the substrate with the conductors 

imbedded in the ferrite sheet. This sheet is approximately 0.0025 inches thick. A 

second ferr ite sheet is made with the condu ctor pattern ru nn i ng at right ang I es to that 

in the first sheet. A third ferrite sheet, without imbedded conductors and only 000005 

jpches thick, is inserted between the two ferrite plates with the orthogonal conductorso 

n, t'h~'2c-sheet sc.,nd\,\;ich is laminated by pressing the sheets together at moderate pres­

sures and h':i';;pcratures. Sint01ing l!!p laminated sheets in a controlled temperature 

furnace prov ides a un i form isotrop i c .nat ~~ria I , 

The matrix of conductors provides the necessary wires for a two wire memor), sy')tem In 

which the wires in the word oriented direction are used as read and write drive lines/and 

the wires in the perpendicular direction are used as sense lines and digit drive lineso 

The write current generates a closed flux path in a plane perpendicular to the plane of 

the read/write drive wire. The current through the digit w ire rotates the magnetic 

vector sl ightly. The methods of reading and writing in this type of array have been 

described in detail in a paper by Shahbender, Wentworth, Hotchkiss, and Rajchman.
15 

The laminated ferrite memory is proposed for two different applicationso The first is as 

a high-speed control memory with approximately a 100 nanoseconds read/write cycle. 

In this application, a 256 word memory with 64 bits per word will require approximately 

350 milliamps of drive current and will give a sense signal of:::- 10 millivolts o The 

second application is as a large-capacity medium-speed internal memory with a read/ 

write cycle time of 1 to 3 microseconds. In this application, a drive current of approxi­

mately 50 milliamps is required to produce a sense signal of 1.2 millivolts. 

A 256 x 256 array is currently being developed in the laboratory and 64 x 64 bit arrays 

are said to be in production with a sufficient yield in which all elements in a plane are 

good. The following characteristics have been achieved in production memories with 

64 words of 32 bits each: 

1) Sense signal input is 20-40 millivolts; 

2) Read current is 400 mill iamps; 

3) Two cross-overs per bit; 

4) Conductors on 15 mil centers; 

5) Conductor size is 5 mi Is x 1 mi I. 
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It is necessary to operate this memory in a word organized manner, but the manufacturer 

does not consider th is a lim itation. The ir argument in support of th is is: "A Ithough . 

coincident current memories require less electronics, the electronics are more expensive 

because of problems with noise in the sense line, tolerances, and back voltage on the 

drive wires. On the other hand, word organized memories require more electronics, 

but they are less expensive since less critical tolerances are placed on the material, 

there is less noise on the sense line, and less critical tolerances are placed on the drive 

wire signal. Therefore, the amount of electronics is greater for the word organized 

memory but the total cost of the electronics may not be significantly greater because of 

the lesser requirements placed on them. II 

Significant success in reducing the cost of a memory depends upon the use of relatively 

cheap integrated circuits to permit the electronics associated with the memory to be 

made by batch-fabrication processes. In a typical memory, the wired and tested array 

represents only approximately halfof the total cost of the memory, with the other half 

going for the electronics. As a result, array fabrication techniques such as the laminated 

ferrite can reduce the total memory cost by only 500/0, even if they are assumed to lower 

the array cost to essentially zero. Concentrated efforts on reducing the cost of integrated 

circuit electronics for such memories are required, if significant improvements in memory 

costs are to be achieved. Hence, great emphasis is being placed on developing integrated 

diode arrays for word selection. Operating large memories with currents under 50 mill iamps 

wou Id perm it the use of integrated c ircu its and keep the capac ity low, but th is has not 

been ach ieved yet. Strips of 10 diodes and 8 x 8 matrix arrays of diodes that have a back 

voltage in excess of 60 volts and a drop of 1.5 volts at 400 milliamps have been fabricated 

for use in laminated ferrite memories. 

Costs for the laminated ferrite memory are estimated to be in the order of 1 cent per bit 

for memories with capacities of 107 to 10
8 

bits, speeds of 1 - 3 microseconds, and word 

sizes of 200-400 bits per word. The manufacturer expects to be making laminated ferrite 

memories on a commercial basis with 10
6 

bits capacity in two years, 10
7 

bits capacity 

in four years, and 10
8 

bits capacity in five years. 
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7.0 FLUTE MEMORY 

Another promising approach to a batch fabricated memory array using ferrite material is 

the flute memory which is very similar conceptually to the laminated ferrite memory. 

However, the fabrication techniques are different. The characteristics and fabrication 

techniques of this memory were described in a paper by Bartkus and several other authors. 16 

The planes in the flute memory are fabricated by sandwiching a pre-prepared grid of wires 

between two dies, each of which has matching grooves filled with a mixture of ferrite 

thermosetting resin binder. The grooves containing ferrite are parallel to the word lines 

of the wire grid so that when the two halves of the mold are placed together, the word 

I ine is completely imbedded in the ferrite tube formed by the ferrite in the corresponding 

grooves of the upper and lower halves of the mold. The bit lines of the wire grid are 

orthogonal to the word lines and intersect each of the parallel ferrite strips encasing the 

word lines (see Figure 6). 

WORD LINE 

Figure 6. Flute Memory Elements with Word and Bit Lines Imbedded in Ferrite Bar 
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A typical memory plane consists of 50 ferrite tubes intersected by 100 bit lines to give 

a capacity of 5000 bits per plane. The ferrite area surround ing the intersection of a 

bit line and a word line defines an individual bit position. Yields of 36% have been 

realized in the batch-fabrication process. Cycle times of 250 nanoseconds are con­

sidered possible by the manufacturer. 

The geometry used in the version described in the paper referenced above has been 

deemphasized because of the magnetic structure at each element (sim i lar to that of the 

laminated ferrite memory). A new geometry, designed to provide a magnetic structure 

very similar to that of a magnetic core to permit coincident current operation in large 

memories, has been described by Elfant.
17 

In the new structure, the wire in the ferrite 

bar is not completely encased by ferrite but is embedded in the upper portion of the 

ferrite bar with part of the surface of the wire exposed. These ferrite bars with the 

partially embedded wires are placed parallel to one another. Bare (but insulated) wires 

are placed on top of these in a perpendicular direction to form a matrix. Additiona I 

ferrite strips are then placed at 45
0 

angles to these wires so that the ferrite strips cross 

the intersection of the embedded and unembedded wires. The entire array is then 

sintered to give the ferrite the proper magnetic properties. The 45
0 

ferrite strips and 

the ferrite in which the first wire is partially embedded give a magnetic structure at 

each wire intersection that is essentially similar to a toroidal magnetic core. Elfant 

states that this structure is almost as easy to fabricate as the original flute geometry and 

that it has the advantage of permitting coincident current operation due to the improved 

magnetic structu're similar to that of a magnetic core. This is very important for a large 

capac ity memory. 

The new planes being fabricated contain a matrix of 100 x 150 bits (15,000 bits per plane). 

Densities of 10
4 

bits per square inch are estimated for the future. Ten percent redundant 

leads are provided to permit the elimination of a limited number of bad elements. A 

special ferrite is used to permit a low firing temperature (945 to 950
0

C) while providing 

a relatively square hysteresis loopo 

There are no indications as to whether this memory is to go into production, nor are any 

projected cost estimates available. However, it is a promising approach that will be in 

competition with the laminated ferrite, woven screen, plated wire, and other batch 

fabricated memories during the design of a 1970 era system. 
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8.0 MAGNETIC CORE MEMORIES 

Magnetic core memories consisting of individual discrete magnetic cores threaded by 

selection, write, and sense wires to form a matrix or storage array have been the best 

establ ished and most widely used memory technology for several years. This type of 

memory is so well established and its basic principles so well understood that it is not 

necessary to present a detailed description of core memories in this report. 18 

There are two major types of core memories. In the first, the selection is accompl ished 

by co i nc idence of a current in one w ire threaded through the core in the X direct ion 

and a current in another wire threaded through the same core in the Y direction, each 

conducting one half the required selection current. In the second, the selection is by 

a semiconductor or magnetic decoding tree which provides excitation current to all of 

the bits of the selected word with digit wires carrying inhibit currents through those bit 

positions of the word in which zeros are to be stored. The former are called coincident­

current core memories and the latter I inear-select or word-oriented core memories. In 

general, coincident-current core memories are cheaper because of the XY matrix addres­

sing and selection (i.e., less selection and addressing electronics), but slower because 

of the tighter tolerances required on drive signals and the limitation on the total drive 

current that can be utilized (i.e., less than two times the minimum switching current)" 

Word-oriented core memories, on the other hand, tend to be more expensive because of 

the linear selection circuitry required, but faster because of the less critical tolerances 

and the ability to switch the core faster by providing significantly more than the minimum 

sw itch i ng current. 

The replacement of magnetic cores by other memory technology has been predicted 

frequently. However, the magnetic core technology is so widespread and well esta­

blished that it has presented a difficult and rapidly moving target for other technologieso 

For example, in approximately 1960, the advanced state of the art in magnetic core memories 

was represented by 4 microsecond cycle time and a cost of 25 cents to 50 cents 

per bit. By 1962, the speed had increased to 2 microseconds cycle time for roughly the 

same cost per biL In late 1964, the advanced state of the art is represented by 1 micro­

second cycle time memories for 10 cents to 15 cents per bit. Two or three years ago, few 

would have predicted the 500 nanosecond cycle time core memories now being designed 
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for de livery in commerc ia I computers in two years. Th is increase in speed and decrease 

in cost has resulted from two major factors - reduction in core size from 80 mils 00 

(50 mils 10) to 12 mils 00 (7 mils 10) and significant advances in semi-conductor 

technology. The latter has permitted faster and higher power drive and selection 

circu itry and lower cost high-go in sense ampl ifiers. 

In the past, anticipated advantages of other memory technologies, such as magnetic 

thin-films or cryogenics, were based on their enhanced characteristics over those anti­

cipated for core memories. Unfortunately for other technologies, core memory technology 

has advanced so rapid Iy that by the time the proposed characteristics of the other storage 

devices were real ized, those characteristics were no longer superior to characteristics 

available from magnetic core memories. In view of this past history, it is dangerous to 

predict that magnetic core memories will be replaced by other technologies by a given 

date, such as 1970. On the other hand, it is difficult to believe that these advances 

in magnetic core technology can be continued indefinitely. Additional advances in 

magnetic materials and semiconductors can be anticipated, but it is unlikely that the 

size of discrete cores can be reduced significantly below 12 mils 00 and 7 mils 10 and 

still permit the threading of addressing and sensing wires o As a result, magnetic core 

memories will eventually give way to either integrated circuit arrays or magnetic thin-

fi Ims for small very high-speed memories and to some batch fabrication techniques, such 

as plated wires or integrated ferrite structures, for very large-capacity, low-cost memorieso 

Magnetic core memories will probably remain the major competitor for main internal 

memories requiring cycle times of one to two microseconds and capacities of 

a few hundred thousand words or less for several years. Even this position will be threat­

ened by 1970 - particularly if costs of some of the batch fabricated approaches I ive up 

to expectations 0 

The current advanced state of the art in magnetic core memories is represented by the 

following characteristics for main high-speed internal memories offered by three different 

manu facturers for de livery in 1965: 
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High Speed Internal Core Memor i es 

R/W Capacity Bits OEM Price 
Cycle Time in Words Per Word Per Bit 

microsecond 8,000 words 56 12 cents 

microsecond 16,000 words 40 13 cents 

0 0 9 microsecond 16,000 words 12 14 cents 

and the following characteristics for very large capacity auxiliary memories offered by 

three different manufacturers for del ivery in 1965: 

Large Capacity Core Memories 

R/W Capacity OEM Price 
Cycle Time in Bits Per Bit 

3 microseconds 1 ,000, 000 bits 3 cents 

3 microseconds 100,000,000 bits 1 .5 cents 

8 microseconds 20,000,000 bits 3.5 cents 

12 microseconds 5,000,000 bits 1 .5 cents 

The figures quoted above represent significant improvements in core memory technology. 

One manufacturer privately announced a 0.5 microsecond magnetic core memory using 

12 mil 00 and 7 mil 10 cores for a commercial computer to be delivered within the next 

two years. A large capacity coincident current core memory has been announced as 

part of a commercial computer to be del ivered in 1965. This memory is available in 

banks of 262,144 words of 72 bits per word giving a total capacity per bank of 20,000,000 

bits. A 20-30 mil core is used. The quoted sales price of 2-1/2 to 3 cents per bit impl ies 

a manufacturing cost under 1 cent per bit. The memory is fabricated in two groups of 32 

planes each containing a matrix of 256 x 1152 cores. The memory has an 8 microsecond 

cycle time and 3 microsecond access time. 

For any new technology to replace an establ ished technology with 15 years of cumulative 

development and operational experience, the new technology must inherently offer signi­

ficant advantages over the establ ished technology. This significant advantage over the 

establ ished magnetic core technology is most I ikely to result from the batch fabrication 

aspects of other memory technologies. 
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9.0 GLASS DELAY LINE MEMORIES 

With higher speed logical components available, it may be desirable in some future 

computers to operate the machine in a bit serial manner with a very high bit rate. In 

this case, a high-speed bit-serial memory would be compatible with the other parts of 

the machine. If a high-speed bit-serial memory is desired, glass delay lines represent 

one of the more promising means of mechanizing such a memory. Glass delay lines are 

similar conceptually to the ultrasonic delay lines used in early computers such as Univac 

but provide higher frequencies, larger capacities, and better time and temperature 

stabi I ity. 19 

T ypica I characteristics for g lass memories are: 

1) Average access times - 5 to 500 microseconds 

2} Bit rates - 5 x 10
6 

to 20 x 10
6 

bits per second 

3} Capacities (for 100 delay lines) - 2 x 10
6 

to 5 x 10
6 

bits 

4} Costs - 2 cents to 50 cents per bit 

These characteristics represent a cost performance tradeoff between magnetic cores and 

magnetic drums, but the bit rate of 20,000,000 bits per second is higher than can be 

readily achieved with other types of memories. 

Glass delay line memories usually use piezo-electric input/output transducers and either 

a rod of glass {for average access times below 50 microseconds} or a flat plate of glass 

(for average access times above 50 microseconds). In the latter type, carefully machined 

surfaces on the glass are used as reflecting media to permit a multi-path pattern within 

the glass plateo This increases the effective length of the delay line since this is a 

function of the total path length. 

It is doubtful that glass delay I ine memories will be suitable for the central processor in 

a 1970 ACDS, but memories of this type may be useful in special purpose or peripheral 

equipment .. 
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10.0 WOVEN SCREEN MEMORY 

The woven aperture screen memory described in a paper by Davis and Wells represents a 

completely different approach to batch-fabrication of memory planes. 20 In this memory, 

the individual planes or storage arrays are fabricated by a weaving process on looms 

similar to those used for the commercial weaving of textiles. The woven cell is formed 

by weaving the proper combination and geometry of insulated wires and bare metallic 

wires to form an orthogonal matrix of drive and sense wires, threading magnetic cells. 

The magnetic cells are formed by plating the bare metallic wires (see Figure 7L 

DUMMY WIRE OlAGOr...AL BUFFER CELL 

DuWIt!IIY WIRE 

Figure 7. Typical 4-Wire Single-Turn Cell in Woven Screen Memory 

An electrical deposition process is used to plate a permanent magnetic material on the 

square aperture cells formed by the bare metallic wires. This process forms a closed 

flux path resulting from the plating of a pair of bare metallic wires in the X direction 

and an intersecting pair in the Y direction. The square magnetic cell formed by these 

four wires had been threaded previously in the weaving process by the insulated wires 

representing the sense line, the inhibit line, and the X and Y drive lines. 

Since the plating process affects only the uninsulated wires, it is possible to weave the 

entire plane prior to the plating process. When the memory cell arrays are formed by 

the plating process, all of the sense and drive wires are already threaded through the 

entire plane. The details of the fabrication and characteristics of this type of memory 

were described in greater detail in the paper by Davis and Wells. 
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A 10
8 

bit memory assembled from 128 x 256 bit matrix planes would provide a 10 

microsecond cycle time for 36 bit words. A memory of this capacity would be broken 

into 22 modules of storage planes. There is some uncertainty as to whether a sense 

preampl ifier w i.11 be requ ired for each plane. Th is is a quest ion of major significance 

since 6336 such preamplifiers would be needed. If the need for these preamplifiers can 

be avoided, the cost of a large capacity memory of th is type wi II be significantly reduced. 

This is related to the problem discussed in connection with the laminated ferrite memory -

a true low-cost large-capacity memory requires batch fabrication and significant cost 

reductions in the memory electronics as well as in the storage planes themselves. 

The designers expect the cost of coincident current woven planes in assembled stack 

modules to be about 0.1 to 1 cent per bit in production quantities. However, this does 

not include the cost of the electronics which could be considerable if sense preamplifiers 

are requ ired. 

The manufacturer is also working on a woven screen memory for internal applications - a 

two microsecond 8,000 word, 30 bit memory. The manufacturer expects this memory to 

be more rugged, to have higher temperature tolerances, and to offer a lower cost than 

equivalent magnetic core matrix memories. The anticipated operating temperature range, 

about 1050 C should be of particular interest for military applications. 

The development of integrated circuit sense ampl ifiers and drivers for memories will have 

a significant effect on the cost of large batch fabri cated memory systems. An integrated 

circu it sense ampl ifier developed under Air Force contract AF33(657)-11185 has been 

considered for the woven screen memory. 21 This sense ampl ifier is capable of sensing a 

400 microvolt input signal to provide a one volt output with a maximum delay of 30 

nanoseconds and a cycle rate of 20 megacyc les. The write drive ampl ifier represents 

a more difficult problem that has not yet been adequately solved in integrated circuit 

form 0 This is expected by 1966. 

A different approach to weaving a memory array is represented by recent work in Japan. 

This has been reported in papers by Maeda and Matsushita
22 

and by Oshima, Futami, 

and Kamibayashi 0

23 
The magnetic structure and geometry of th is type memory is quite 

different from that described aboveo Although the array is woven, plated wires are used 

as the storage elements similar to those discussed previously under cylindrical thin-film 
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memories. The plated wire acts as the storage medium, and also as the digit drive lines. 

In this woven array, insu lated wires woven at right angles to the plated wires act as 

the word drive lines. This type of woven memory differs from the previous one in that 

the closed flux path magnetic element is the plating around a single wire rather than 

that formed by the rectangular intersection of four plated wires. This type of woven 

memory essentially represents a different fabrication technique for plated wire or cylin­

drical thin-film memories discussed in a preceding subsection rather than a different 

type memory. 

1100 CONTINUOUS-SHEET CRYOGENIC RANDOM-ACCESS MEMORIES 

Cryogenic memories are based on the principle that at temperatures near absolute zero 

degrees, the resistance of certain materials (super-conductors) may be either zero or 

some finite non-zero resistance depending upon the magnitude of the magnetic field 

surrounding the superconductor. In one type of continuous-sheet cryogenic memory 

under development, the storage medium is a superconducting tin film. This tin film, a 

lead sense line, and lead drive strips are fabricated by vacuum deposition techniques on 

a two-inch square substrate.
24 

These metallic films are all insulated from one another 

by vacuum deposited insulating films (silicon monoxide). The sense line is beneath the 

storage plane and is oriented diagonally to and directly under the intersections of the 

two sets of drive strips which are orthogonal to one another. 

Coincidence of the X and Y drive currents at an intersection of the drive strips produces 

a magnetic field sufficiently strong to switch the region of the storage plane beneath the 

intersection out of the superconducting state, thus permitting magnetic flux to I ink through 

the plane in that region. When the currents are removed, the flux linking the small 

region of the continuous sheet is trapped, and persistent currents are establ ished in the 

storage plane to support th is trapped flux. The stored information can be read by subse­

quently applying a coincidence of drive currents of proper polarity, and then sensing 

the voltage change on the sense line 0 

In a later version, a cavity sensing technique is used rather than a zigzag sense line.
24 

A second continuous tin fi 1m is located a sl ight distance beneath the storage plane and 

connected to it electrically along one edgeo When the proper polarity drive currents 

create a magnetic field sufficient to destroy the superconducting state in the region of 
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the intersection, a change of flux is created beneath the intersection within the cavity 

between the storage plane and the sense plane. This causes a sense pulse at output tabs 

connected to the sense plane. Cavity sensing avoids the necessity for accurate registra­

tion of the sense I ine beneath the plane with the intersections of the X and Y dr ive lines 

on top of the plane. However, in early work with cavity sensing, the output signa I has 

not been uniform over the entire plane. Recent results indicate that this problem may 

have been overcome, but it is too early to say which sensing technique will eventually 

prove superior. 

This memory is made by a batch-fabrication process in which a continuous sheet super­

conducting storage film and sense film and the X and Y drive strips are vacuum deposited 

for an entire plane. In addition, the X and Y selection matrix is mechanized by means 

of cryotrons that are vacuum deposited on the same plane and connected to the drive 

strips by the deposition process. The ability to fabricate the cryotron selection matrix 

at the same time the storage plane is fabricated is one of the major advantages of cryogenic 

technology. A cryotron selection tree and associated drive strips are illustrated in 

Figure 8. A complete selection matrix would include a similar set of cryotrons and drive 

strips superimposed at right angles to the ones shown. 

NOTE:-

MEMORY 
CELLS 

-roRSIMPLICITY ALL CONTROL (ADDRESS) LINES ARE NOT SHOWN. 
CRYOTRON GATES ARE SHOWN BY DARKENED AREAS. 

Figure 8. Cryotron Selection Tree and Associated Drive Strip 
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A 16,384 bit memory plane (128 x 128), including 508 cryotrons for XY selection, 

has been fabricated on a 2 by 2 inch substrate. Twenty-six vacuum deposition steps 

using 16 different masks are required. The planar density is approximately 10,000 bits 

per square inch. Two such planes have been operated satisfactorily. Typical anticipated 

characteristics for cryogenic memories are: 

1) 3 to 5 microsecond cycle time 

2) 106 bits in a 10-inch square plane 

3) 10
9 

bits in a complete memory 

4) 300 to 400 rna sel ect i on current 

5) 1 to 2 mv sense signal 

6) 109 bit memory will cost approximately $1,000,000 (or 0.1 cents 

per bit) 

7) 3.5
0 

Kelvin operating temperature 

Two good arrays (128 x 128) have been fabr icated, but both of these have been damaged 

by repeated Iy tak ing them in and out of the I iqu id hel ium. A 262, 124 b it plane (512 x 

512) with 0.0005 inch spacing between wires (2 mil line width) on a four-inch square 

plane is under development in the laboratory. Planes of 1024 x 1024 on a 6 by 6 inch 

substrate are an eventual goal. By 1965, this manufacturer anticipates having a 107 

bit prototype memory. 

The costs for a 50 plane stack of 262,000 bit planes (13 x 106 bits) have been estimated 
25 by Burns to be: 

1) Stack 5,000 

2) Stack assembly & wiring 5,000 

3) 32 address drivers 4,000 

4) 50 sense amplifiers 20,000 

5) 100 drivers 10,000 

6) 20 timing boards 2,000 

7) 4 power suppl ies 8,000 

8) Hardware & control s 20 1 000 

9) Refrigerator 25,000 

TOTAL $ 99, 000 
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He also estimated that 262,000 word cryogenic memories can be built at a cost of 

approximately 1 cent per bit,and that 1,000,000 word memories would be a fraction of 

a cent per bit. On this basis, 262,000 words is not a competitive size for cryogenic 

memories and 1,000,000 words {50 x 106 bits} is probably the minimum size for which 

cryogenic technology should be considered. 

The problems with cryogenic memories are both fundamental and economic 0 The major 

technical problem is attaining uniformity. 

Major cost factors in the manufacture of a cryogenic memory are: 

1) The cost of a refr igerator 

2) The cost of sense ampl ifiers 

3) The cost of planes, which is highly dependent upon yield rate 

4) The cost of interconnecting planes. 

Because of the basic overhead cost in the refrigerant, the cryogenic memory is not con­

sidered a good approach to a small memory, but becomes more advantageous as the size 

increases. The cryogenic approach may provide a more likely way to reach capacities 

of 10
9 

bits, but other batch fabrication techniques will be better for capacities of 107 

bits o The crossover between the two may occur somewhere around 10
8 

bits. 

RADC is sponsoring a cryogenic memory project that is due to be completed in 

September 19650 At that time, a 3 x 10
6 

bit feasibility model will be deliveredo It is 

anticipated that a 27 month manufacturing techniques contract will be initiated in 

January 1965 in conjunction with WADe. This contract will call for the development 

of manufacturing techniques and for a non-militarized memory with 1000 planes 1024 x 

1024 eacho The goal is a 10
9 

to 1012 bit memory with a cycle time less than one micro­

second and with costs in the order of 0.01 cents per bit. 

The future of cryogenic memories is questionable. To date, design and fabrication 

problems, and rapid advances in other technologies have prevented the cryogenic 

technology from establishing a foothold 0 Some believe that cryogenics will represent 

the best approach to very large random access memories with capac ities of 10
9 

bits and 

above o 
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12 0 0 FERROACOUSTIC MEMORY 

The term ferroacoustic memory is used to refer to a memory approach involving magnetic 

storage with acoustic access.
26

,27 Two developments of this type have been sponsored 

by the U. S. Army Engineering Research and Development Laboratory at Fort Monmouth, 

New Jersey. 

Although this is a batch-fabricated memory approach, it differs from those described 

previously in that it is not a random access memory. It is block oriented with random 

access to the beginning of a block but serial access to information within the block 0 A 

batch-fabricated solid state memory of this type could be a replacement for large mag­

netic drums, magnetic disc files, and possibly magnetic tape. 

Previous types of delay I ine memories were volatile and suffered from the large amount 

of electronics necessitated by the requirement for regenerating and recirculating the 

information in each individual delay line. The necessity for recirculating the informa­

tion results in the loss of stored information if power is interrupted. The requirement for 

electronic circuitry to be in continuous use for each individual line implies a severe cost 

penalty in very large capacity memories. The ferroacoustic approach permits static storage 

of information without continuous recirculation which, in turn, permits the electronic 

read and write circuitry to be switched from one line to another as part of the addressing 

and selection process. 

In this type of memory, data is stored on a thin magnetic fH'"'l plated on an acoustic tube 

through which a center conductor is inserted (see Figure 9). The actua I storage is in a 

closed flux path around the acoustic tube similar to the storage in cylindrical thin-film 

memories discussed previously. However, the access is not made by coinc idence of two 

electrical signals, as in the memories discussed previously, but rather by the coincidence 

of an electrical signal and an acoustic signal. 

Figure 9. Typical Ferroacoustic Storage Line 
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The concept for this type of memory is based on the change of coercivity of magnetic 

materials, such as permalloy plating, when the material is placed under mechanical 

stress. An alternate approach is based on the fact that the anisotropic characteristics 

of thin permalloy films are changed by stress. 

In a memory based on these principles, a mechanical shock wave is initiated in the 

acoustic tube by a suitable transducer (e.g. magnetostrictive, semiconductor, or 

piezo-electric). The mechanical shock wave travels down the tube at a speed deter­

mined by the propagation constant of the material. The coercivity of the magnetic 

materia I plated on the tube changes as the shock wave passes under it and returns to 

its normal condition after the shock wave has passed. As a result, a temporary change 

in the coercivity of the magnetic media is propagated down the line. 

To write or store information, an electrical signal, corresponding to the serial bit 

pattern of 1 s and Os to be stored, is placed on the center conductor wh ile the acoustic 

signal is traveling down the line. This electrical signal causes the magnetic cylinder 

to be I inked by a varying flux pattern depending upon the bit pattern represented by the 

electrical signal. The flux pattern generated by the electrical signal corresponding to 

a "1" is sufficient to force the state of magnetization of the magnetic material into one 

direction in an area where the coercivity has been altered by the mechanical stress wave o 

The magnetic flux generated by a "0" signal wi II force the state of magnetization into 

the other direction in the area where the coercivity has been changed. As a result, a 

bit position is determined by the time coincidence of the electrical signal and the 

acoustic signal. As the acoustic signal travels down the line, a "111 or 110 11 corresponding 

to the electrical signal will be written in the position defined by the front of the shock 

wave o 

Read-back is achieved by transmitting an acoustic signal down the line and sensing the 

changes in the electrical signal generated on the center conductor by the magneto­

strictive effect of the shock wave traveling down the line. This signal varies, depending 

upon the stored pattern on the line 0 

The time requ ired to write or read a complete block corresponds to the time the shock 

wave requires to travel from one end of the line to the othero The rate at which the 

stored information is read or written corresponds to the frequency of the electrical signal 
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representing the bit patterno This frequency is limited by the physical size of the area 

of magnetic material whose coercivity is altered by the shock wave at a given instant. 

This in turn determines the bit density and hence the capacity of a line of a given lengtho 

The information is stored statically in the magnetic media and is not carried by the 

acoustic wave. This is in contrast to a normal acoustic delay line in which the informa-

t ion is actua II y carr i ed by the acoust ic wave. I n the ferroacoust ic type memory descr ibed 

here, the acoustic signal acts only as an access mechanism. A single acoustic signal is 

required to read a complete line or write a complete line. 

The goals of the Army development program are to provide an all-electronic block­

oriented random-access memory with the following characteristics: 

1) Removable medium permitting non-volatile shelf storage 

2) Small medium size (200 cubic inches) 

3) 4,000,000 characters (28 x 10
6 

bits) per module (approximately 

equal to one reel of magnetic tape) 

4) 4096 characters per block 

5) 1024 blocks per module, approximately 0.002 cents per bit 

($500 per module) off-line storage cost not including read/write 

electron i cs 

6) 1 microsecond random access to a block 

7) Inherent sequential transfer within the block (ready-strobe to 1 0 5 -

3 m i" ion characters per second) 

8) Read-write unit - 1/10 the power of tape unit; 1/10 the weight of 

tape unit; 1/2 the size of tape unit 

If this development program is successful, it wi" be of great significance to future 

computer systems" At present, there is no economic all-electronic/magnetic replacement 

for large capacity electromechanical storage devices such as magnetic disc files, 

magnetic-card memories, and magnetic tape units. Such a replacement wi" be essen­

tial to future systems if the speed, cost, reliability, and size limitations of electro­

mechanical input/output and auxiliary storage equipment are to be avoided for very 
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large capacity storage functions (now handled by devices such as disc files and magnetic 

tapes) • 

If this ferroacoustic approach proves feasible, it offers the following advantages: 

1) Stat ic storage 

2) Semi-serial access not requiring a physical coincidence of 

selection wires for each bit position 

3) Ability to switch read and write mechanisms from one line to 

another 

4) Large capacity semi-random access bulk storage with no 

mechanically moving parts 

5) Possibility of off-line storage by plugging alternate blocks of 

delay I ines into a read/write device 

6) Low cost per bit of storage 

A future all-electronic magnetic tape replacement will almost certainly be a block­

oriented rather than a random-access-type storage device. Although a large-capac ity, 

random-access, mass memory offers certain unique advantages, it is very unlikely that 

such a device can compete on a cost per bit basis with semi-serial electromechanical 

devices. The requirement for the physical intersection of electrical signal lines for 

each bit position,and the access electronics,will not permit on-line storage costs of a 

few millicents per bit by 1970. A semi-serial or block-oriented device providing ran­

dom access to a block of information, but serial access within the block, will be 

necessary to permit the read/write electronics to be time shared by a serial bit train. 

1300 MAGNETIC SURFACE STORAGE 

Magnetic surface recording is usually used in on-lineauxiliary storage and off-line 

auxiliary storage 0 This technique has also been used for internal storage in the form of 

drums or discs, but magnetic core storage has essentially replaced these electromechanical 

devices in shipboard applications where maintenance and environment are critical factors .. 

However, to date there has been no good replacement for on-line and off-line auxiliary 

storage .. It is believed that some of the technologies discussed previously will replace 
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these devices/but the timing of this is uncertain. Certainly, for the next few years, 

electromechanical devices using magnetic surface recording will be dominant. Off-line 

storage (e.g. magnetic tape units) has been discussed in the Input/Output section, but 

on-line auxiliary storage is discussed here. On-line devices of this type, frequently 

referred to as mass memories, are used to provide a large-capacity, fast, semi-random­

access storage. 28 ,29 They should be under direct on-line control of the computer, 

addressable by the computer, eraseable, and reuseable. All devices of this type that 

are currently available are electromechanical. All-electronic/magnetic on-line auxil­

iary storages for military applications will be available by 1970 but all of these (with 

the possible exception of the ferroacoustic storage discussed previously), will be signi­

ficantly more expensive in terms of cost-per-bit for very large capacity storage. This 

results largely from the fact that the all-electronic/magnetic approaches (e.g. laminated 

ferrite memory, woven screen memory, flute memory / etc.) require addressing each 

individual word. The electromechanical devices are block oriented in the sense that 

access is made to a particular track on a disc, drum or card, and then all information 

stored in that track (or block) is read or written serially by the same electronic circuitry" 

. Of the all-electronic/magnetic approaches to large capacity memory that have been 

discussed in previous parts of this report, only the ferroacoustic approach is block oriented 

and hence offers some promise of competing with the electromechanical devices by 1970 

on a purely economic basis. 

The characteristics of the major types of electromechanical mass memories available today 

are summarized in the comparison shown in Table 6-5. (Section 6; part I of Volume V). 

The values shown were chosen as typical of each type of unit but frequently they repre­

sent a wide range of possible values. In some cases, certain characteristics of an indi­

vidual device may vary significantly from the values shown. The characteristics of 

pr imary interest inc I ude capac ity, cost, average access time, and data transfer rate. 

Some of these are difficult to compare because of the different physical characteristics 

of the dev ices. For exampl e, a large magnet ic drum with a head for every track will 

have a continuous data transfer rate equal to the instantaneous transfer rate if the heads 

are sw'itched electronically. However, the continuous data transfer rate for a disc file 

with moving heads will be significantly slower than the instantaneous transfer rate due to 

the necessity for interrupti ng data transfer whi Ie moving the head from one position to the 

next. Similar differences on a more detailed level exist between different devices of the 

same type. 
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As a result of problems of this type, comparison tables such as the one shown in Table 6-5 

present at best a gross comparison for electromechanical devices. In selecting a device 

for any specific application, it is necessary to go into a more detailed comparison of the 

specific pecularities and quirks of each of the leading contenders as they relate to that 

application, if a proper decision is to be made. These comparisons in Table 6-5 cover 

commercial devices that are not designed to military specifications - otherwise, the costs 

would be much higher. 

The Navy has two types of mass memories under development for shipboard use. 

The first of these is a militarized version of a disc file. This is due for delivery in the 

first quarter of 1965, with the following typical characteristics: 

1) 100 x 106 
bits capacity (in 2 modules) 

2) 0.2 to 0.25 cents per bit 

3) 200 mill isecond average access time 

4) 3,000 watts power 

5) 1,800 Ibs. weight 

6) 63 cubic feet volume 

The second unit, also due for del ivery in the first quarter of 1965, is ami I itarized 

magnetic card unit. This unit wi II have the following characteristics: 

1) 185 to 225 mill isecond access time 

2) 32 containers possible per system 

3) 32 magnetic cards per container 

4) 32 blocks per card 

5) 875 words per block 

6) 36 bits per word 

7) 1 x 106 
bits per card 

8) Cost for first 50,000,000 bits - approximately 003 to 0.4 cents per bit 

9) Next 50,000,000 bits - approximately 001 cent per bit (50,000,000 

bits additional for $50,000) 
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The major advantages and disadvantages of the different types of mass memories are 

summarized in Table 1 0 

Future improvements in these devices can be anticipated. In 1962, A. S. Hoagland 

pointed out that the storage density of one manufacturer's commercial disc files increased 

from 2000 bits per square inch in 1956 to 25,000 bits per square inch in 1961.
30 

He 

then predicted that storage densities of "one million bits per square inch (e.g. approxi­

mately 5000 bpi, 200 tpi) will become the state-of-the-art" within the next few years. 

A few months earl ier, M. Jacoby predicted densities of 3000 bpi and 500 tpi (1 .5 mi II ion 

bits per square inch) would "become commonplace in a few years". 31 He then indicated 

that these densities could provide storage capacities of 10 to 100 billion bits if a possible 

increase in the physical size is also considered. Thus, increases in capacity of tens to 

hundreds of times over the largest present mass memories can be anticipated. 

The cost per unit can be expected to decrease even with the larger capacities as the 

technology is improved and more manufacturing experience is obtained. Hence, the 

cost per b it of storage ca n a Iso be expected to decrease by one to two orders of magn itude -­

possibly to 0.0001 cents per bit for the mass memory itself (not including control and 

buffering electronics). However, militarized versions of this type of device may cost 

at least an order of magnitude more. 

Although the picture for the future of capacity and cost appear bright, there is I ittle hope 

for significant improvements in average access times for moving-media mass memories. Due 

to the inherent mechanical motions involved, we cannot expect improvements of as much 

as an order of magnitude over available devices. For significant improvements in access 

time, we must turn to the non-movi ng-med ia type devices. 

14.0 ASSOCIATIVE MEMORIES 

A completely different memory concept has received considerable attention recently in 

which stored data is located by association rather than by physical location (numeric 

address)o This type of memory is usually called an associative memory, a content addressed 
32 

memory, or a search memory. The former term is more widely accepted and will be used 

in this dicussion o 
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Table 1. Advantages and Disadvantages of Different 
Electromechanical Mass Memories . 

Type of Mass Memory Advantages Disadvantages 

Fixed-Head Magnetic Fast access, no mechanical Low ca pac ity, high cost 
Drums head motion, high continuous per bit, poorer volumetric 

data transfer rate. efficiency, large number 
of heads. 

Moving-Head Magnetic Large capacity, low cost per Poorer volumetric efficiency, 
Drums bit, possibility of parallel relatively large number of 

reading or writing from heads for medium speed 
multiple heads to greatly access or slower access if 
increase instantaneous data fewer heads. 
transfer rate. 

Fixed-Head Magnetic Fast access, medium capacity, High cost per bit of storage, 
Discs no mechanical head motion, large electronic switching 

high cont i nuous data transfer matr ix, large number of 
rate. heads. 

One-Dimension Moving Large capac ity, possibi I ity of Relatively large number of 
Head Magnetic Discs mu Itiple simultaneous accesses heads, somewhat higher 

if heads are positioned inde- cost per bit compared to 
pendently, low cost per bit two-dimension disc unit, 
compared to fixed head un its, medium speed access 0 

possibi I ity of para Ilel read ing 
or writing from multiple heads 
to greatly increase instan-
taneous data transfer rate. 

Removable-Stock Discs Large off-: ine capacity, low Limited on-line capacity, 
cost per bit of off-line storage, higher cost per b it of 
combines on-line random- on-I ine storage. 
access capability with large 
off-I i ne capac ity. 

Magnetic Card Memory Large off-line capacity, low Slower access, card wear 
cost per bit of off-line storage, and replacement necessitates 
combines on-I ine randon- eventual rewriting of entire 
access capabi I ity with large card. 
off-I i ne capac ity, i nd iv idua I 
cards can be copied, replaced 
or inserted 0 
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Associative memories are addressed by content rather than by a unique numeric 

address. An associative memory involves sufficient logical capability to permit all 

memory locations to be searched essentially simultaneously -- i.e. within some speci­

fied memory cycle time. The search may be made on the basis of the entire contents 

of each location or upon the basis of selected bit positions of each location. Thus, it 

is possible to search for all words meeting certain criteria or for all words in which a 

certain tag portion of the word meets the criteria. Searches may be made on the basis 

of equal ity, greater-than-or-equal-to, less-than-or-equal-to, and between I im its. 

Associative memories are also referred to as content addressed memories and search 

memories. In a sense, all of these terms are misleading in that the unit is not an 

associative "memory" but rather an associative "processor ll since the memory function 

involves a minor portion of the total hardware and costs. The major portion of the 

hardware and costs is that involved in the logical operations necessary to accompl ish 

the parallel search of memory locations. For example, a magnetic associative memory 

frequently requires a sense amplifier for each word location, and logical capability for 

each word (in some cases for each bit portion) to permit the para Ilel search capabil ity. 

These hardware elements are not requ ired for the memory function itse I f. The memory 

function alone might account for only 1/4 or 1/5 of the total costs based on comparing 

the cost of the assoc iative memory with that of a random-access memory with equ iva­

lent capacity and access time. 

Magnetic, cryogenic and semiconductor techniques have been used in mechanizing 

associative memories. Magnetic associative memory techniques usually use a non­

destructive-read-out magnetic element such as a mu Itiaperture core, a plated wire, 

or a thin film. The different approaches to magnetic associative memories and a 

comparison of four spec ific types have been presented in a paper by Shohara and are 

shown in Table 2. 33 

The mechanization of most search algorithms requires an argument register, a mask 

register, auxiliary registers, input and output registers, a shift circuit, and logic cir­

cuits o A typical search or associative memory block diagram is illustrated in Figure 10. 

Different methods of mechanization of searches include parallel by bit, serial by bit, 

parallel byword, and serial by word a 
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Table 2. Magnetic Associative Memory Techniques 

NDRO MAGNETIC 
MEMORY TECHNOLOGY 

CORES PLATES WIRES, RODS FILMS 

* 

~ 
SiI~GLE MULTIPLE 

APERTURE APERTURE 

BIAS RESTORED 
TOROID 

LINEAR 
TRANSFORMER* 

MAGNET -BIASED 
TOROID* 

Not Electrically Alterable 

FLUX 
SWITCHING 

• TRANSFLUXOR 
. MALE 

FLUX 
ROTATION 

. BIAx 

COMPARISON OF MAGNETIC ASSOCIATIVE MEMORIES 

TRANSFLUXOR MALE BIAX --
SOURCE DATE 2/63 1/64 12/63 

CAPACITY 1024/12 8/10 16/8 

INTERROGATION 

MODE: PARALLEL PARALLEL SERIAL 

RATE: 6 flsec 5 jJ.sec O. 1 jJ.sec 

MATCH SENSE DOUBLE LOGICAL TERNARY 
BINARY 
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THICK THIN 
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BICORE 

11/63 

128/24 

PARALLEL 

300 nsec 

DOUBLE 
BINARY 
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WORD WRITE 
SELECTION 

DRIVE 
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ADDRESS 

CONTROL LOGIC 

COMMAND REGISTER 

1 
I NPUT REGISTER 

, 

FROM CONTROL COMPUTER 

WORD READ SENSE AMPS 

SEARCH ARRAY 

SEARCH/WRITE DRIVERS 

ARGUMENT REGISTER 

MASK REGISTER 

SCANNER 

Figure 10. Typical Search Memory Block Diagram 
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In a paper by McAteer, Capobianco, and Koppel, some of the characteristics for 

different mechanizations of associative memories using the biax magnetic element 

are compared.
34 

Since this table illustrates the trade-offs and characteristics to be 

considered in designing and selecting an associative memory, it is reproduced as 

Table 3. 

15.0 CRYOGENIC ASSOCIATIVE MEMORIES 

Work on cryogenic associative memories has also been underway at several 

companies. 35 ,36 The cryogenic approach is probably worthwhile only for very large 

capacity associative memories because of the overhead cost in the refrigerator. The 

cryogenic associative memory under development at one company is essentially a two 

IIcore Jl per bit type using two parallel continuous sheet planes. The associative feature 

depends upon whether a corresponding spot in both planes is storing the same informa­

tion. If they are not, the flux between the two planes cancels out. This continuous 

sheet cryogenic memory uses lead for the super-conductive wiring, tin for the 

continuous-sheet superconductive storage planes and sil icon monoxide for the 

insulators. These are all deposited in approximately 20 different deposition steps with 

different masks for each. Fabrication is currently mechanized, with a circular jig 

holding the 20 masks in the vacuum so that each mask can be rotated into place at the 

proper time. 

In another cryogenic associative memory being developed, cryotrons are used for the 

association logic. So far, a 10 x 12 bit associative array using 2350 cryotrons per 

array has been fabricated. The present goal is a 5000 word associative memory with 

48 bits per word. This is an 18 month program. A 100/0 yield on planes is expected. 

If the plane yield is sufficiently high, a 10,000 word memory will be fabricated rather 

than a 5,000 word memory. Both of these cryogenic associative memory developments 

are being sponsored by Rome Air Development Center. 
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Table 3 

Associative Memory System Characteristics 

Relative 
Exact 
Match Relative 
Search Li mit Search Data 

Scheme Mechanization Time Time Writing 

1 Two-BIAX -per-bit 3F F2 Whole word 
Signal-no signal M 2+ 2k {ave} only 
Binary sense output k 

F2 
3F + k {max} 

2 Two-BIAX -per-bit Whole word 
Signal-no signal M M only 
Ternary sense 
output 

3 Two-BIAX -per-bit 3F F2 Unrestri cted 
Signal-signal M 2+2 {ave} as to loca-
Binary sense output tion and 

3F + F2 {max} number of 
bits 

4 One-BIAX -per-bit F2 Unrestri cted 
Si gnal-si gnal M 3F + 2" {ave} as to loca-
Bi nary sense output tion and 

6F + F2 {max} 
number of 
bits 

LEGEND: M = Number of bits per word 
k = Number of bits per word interrogated simultaneously 
F = Field length used in limit search 

Data Reading 
{Additional 

Array 
Requ i rements} 

Additional 
array 
windings 
required 

Additional 
array 
windings 
required 

No new 
windings 
required 

No new 
windings 
required 

Restriction On 
Fields for 

Li mit Search 

Fixed fi e Ids 
only 

No restri cti ons 
{any combina-
tion of bits 
selected by 
mask 
permissable} 

Fixed fields 
only 

Fixed fields 
only 

Write 
IIDon't Care ll 

Bit 
Available 

Yes 

Yes 

Yes 

No 

I 

()'"'O o .., 
."CD 
0'" 
o-~ 
_0 CD 
g a... 
00-
0'< 

90~ 
A O 
o ~ 
." CD 
." CD CD .., 
-"" 



16.0 MAGNETIC ASSOCIATIVE MEMORIES 

Magnetic associative memories differ from most magnetic random-access memories 

from a hardware standpoint in the following ways: 

1) The sense I ines are word oriented; 

2) The drive lines are bi tori ented; 

3) There is a large number of sense ampl ifiers as a result of the word 

orientation of the sense line; 

4) The sense amplifiers have a high duty cycle which tends to make 

them more expensive; 

5) A large amount of logical circuitry is required. 

The costs of the sense ampl ifiers and logical circuitry are the main factors contributing 

to excessive costs of associative memories compared to those of random-access 

memories. An associative memory also requires a non-destructive-read-out storage 

element since it is not feasible to rewrite every word location for each search. The 

trade -off between speed and ~ost is affected by factors such as: 

1) Bipolar vs monopolar sense signal s; 

2) Poor signal-to-noise ratio resulting from interrogating a larger 

number of bits; 

3) The number of bit positions interrogated in parallel; 

4) Fixed vs unrestricted fields; 

5) Parall el by word vs serial by word. 

Although some magnetic associative memories use a single aperture magnetic core, it 

is convenient to use a multi-aperture device such as the Transfluxor or the Biax 

element. The Transfluxor approach requires two elements per bit and requires a 

greater drive signal since it is necessary to actually change the direction of saturation 

of the material around the interrogate hole. The Biax element requires a relatively 

expensive sense ampl ifier, but it is attractive for associative memories for three 

reasons: 
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1) A fast read capability; 

2) A non-destructive read-out feature; 

3) A bipolar sense signal. 

Cylindrical thin film plated wires are also being investigated for associative memory 

appl ications. The cyl indrical thin film plated wire appears attractive in that it offers 

the possibility of a large sense signal resulting from the closed magnetic path, and 

requires a relatively small read/write drive current. 

One Bureau of Ships contract for an associative memory using the Biax approach was 

recently terminated, largely because projected cost goals could not be met. This 

associative memory was to store 2048 words of 36 bits each with the ability to search 

the ent i re memory for an exact match, for greater than, for I ess than, for between 

I·· d f . I . b·· f h 37 I I Imlts, an or Slmu taneous or successive com Inatlons 0 t ese. t a so was to 

provide for arbitrary masking to control the bit positions on wh ich the search is based. 

The results of the search can indicate match or no match, a count of the number of 

locations upon which a match was obtained, the addresses of all positions in which a 

match was obtained, or the data contained in each location in which a match was 

obtai ned. Opti onall y, all matched words can be modifi ed automati call y after a search. 

The basic search rate was to be 100 nanoseconds per bit position for an exact match. 

Therefore, a search of all 26 bit positions of the entire memory would require 3.6 

microseconds. For all other search modes, 300 nanoseconds per bit position would be 

required--10.8 microseconds to search on all 36 bits. As a conventional read/write 

memory, the cycle time was 6 microseconds. 

In this approach, one hole of the Biax memory is wired as a conventional coincident 

current read/write memory, using the Biax element in the same way that a simple 

magnetic core would be used. The orthogonal hole is then used for the associative 

feature. In the associative mode, given bit positions of all words are interrogated 

simultaneously, and successive bit positions of the memory are interrogated 

sequentially. All bits of a given word are sensed by the same sense wire, so that a 

sequential signal corresponding to the sequencing through the bit positions is obtained 

from an individual sense amplifier for each word position. The interrogation is con­

ducted so that a negative signal from the bipolar sense signal during the active part 
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of the cycle indicates the absence of a match. Therefore, the indication of any 

negative signals from a particular sense amplifier during this active period indicates a 

match for equality in that word position. The determination of greater than or less 

than is accompl ished by noting the bit position from which the first negative signal 

occurs for a particular word. This signal, indicating a difference in that bit position, 

combined with the indication of whether the control word has a one or a zero in that 

bit position will then indicate which is greater. 

A contract for a different associative memory using Siax elements has been issued by 

Wright Air Development Center for delivery in mid-1965. This 2,048 word memory is 

to achieve cost savings by using integrated circuit sense amplifiers. 

Another type of magnetic associative memory using the MALE element has recently 

been delivered to the Navy. This memory has a capacity of 256 words of 36 bits each. 

Exact-match search time is 5 microseconds. This associative memory is to be tested 

with the CP667 computer. 

RADC has issued an RFP for a 32,000 word associative memory, is currently procuring 

a 2,000 word room temperature associative memory (Silock), and has an associative 

element (ferro-electric) study under contract. An RFP for another associative element 

study is to be released soon. Associative processor studies are underway with four con­

tractors. Some of these call for a hybrid approach using an associative memory in 

conjunction with a random access memory. 
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17.0 INTEGRATED CIRCUIT ASSOCIATIVE MEMORIES 

Several studies of the use of semiconductor circuits to mechanize associative memories 

have been described. 38 Using discrete semi-conductor components makes the cost of 

associative memory too expensive to permit more than a few words to be mechanized 

in this way. However, the rapid advances in integrated circuit techniques may change 

this significantly so that it may be feasible to mechanize several hundred words of 

associative memories with integrated circuit techniques. One such approach using a 

hybrid circuit technology (SLT modules) has been described by Lindquist. 39 

A256 word associative memory of 72 bits per word has been mechanized with the new 

SLT modules. This associative memory provides all of the search features normally 

considered for associative memories (exact match, between limits, etc.). It requires 

26,000 SLT modules and costs approximately $2. - $3. per bit. The interrogate time 

is 200 nanoseconds. 

This associative memory was designed for use in controlling the addressing of a scratch­

pad m emory that is used in conjunction with a large random access memory. The 

scratch -pad memory would store the more recent data and instruction words read from 

main memory. The associative memory would store the addresses of these words as an 

identifier. The usefulness of this approach is based on the assumption that more 

recently read words are the most I ikely to be used again in the near future. As a 

result, having these words available much more rapidly than other words from main 

memory can significantly speed up the operation of the machine. As a word is read 

from main memory, it is also stored in the next available location in the scratch-pad 

memory and its address in main memory is stored in an associative memory location 

related to the scratch pad location in which the word is placed. As operand or 

instruction addresses are given, they are searched against the contents of the 

associative memory while the access is being made to the main memory. Since the 

associative memory search time and the scratch pad memory access time are much 

faster than the main memory access time, recently used words in the scratch;:>ad 

memory can be located and read out rapidly without waiting for the completion of 

the access to the main memory. 
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18.0 ASSOCIATIVE MEMORY USES AND ORGANIZATION 

Associative storage techniques can be considered in three major categories from the 

use or organization standpoint: 

1) Associative main internal memory. 

2) Hybrid internal memory using small associative memory in 

conjunction with large random-access main memory. 

3) Associative processor in which logical processing elements as 

well as storage are distributed in associative cells. 

By even an optimistic estimate, associative memories will be at least twice the cost 

of random-access memories of equivalent capacity and circuit (or switching) speed, 

unless some unforeseen technological breakthrough occurs. This factor is closer 

to four at present. Consequently, only a few very special applications will be 

able to justify the cost of an associative main memory. This cost must be justified in 

terms of the processing speed gained versus that gained by using the same money to 

buy a faster memory, a larger memory, greater parallelism, or a more sophisticated 

and capable computer. This cost certainly cannot be justified in an ACDS application. 

The use of several hundred words of associative memory in conjunction with a large 

random-access main memory is much easier to justify. A limited amount of associative 

memory can greatly facilitate processing in a number of applications, while not 

increasing the cost of the major part of the storage. In a sense, this hybrid use permits 

paying a price for the logical capabil ity of the associative memory without increasing 

the cost of the storage functi on per se for most of the memory. Th is use of a small 

associative memory may well be justified for some major ACDS operations such as 

target track correlation. 

Many advocates of associative memories are now thinking primarily in terms of 

associative processors. The reasons for this are at least twofold: 
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1) The cost of logical functions in each cell or each word must be made 

very cheap if large associative memories are to be feasible; hence, 

additional logic can be added economically. (Th is is a particularly 

tempting argument with respect to cryogenic associative memories 

where the "overhead" costs are high.) 

2) A large associative memory cannot be used efficiently unless the 

processing functions are distributed with the storage cells. 

Associative processors may be an important factor in the computer fi eld at some time 

in the future. However, the problems to be solved are such that this will not occur 

prior to 1970. This is particularly true of the economic problems - a fact frequently 

overlooked in discussions of the advantages of associative processors. This was 

illustrated by a recent presentalion in which a proponent of a particular associative 

processor approach claimed that a machine mechanized with 1,000,000 groups of 

associative processing cells would do a 1,000 x 1,000 matrix operation several orders 

of magnitude faster than an IBM 7090. The comparison did not point out that such a 

system would require 4 x 10
9 

cryotrons, which is also several orders of magnitude 

more components than an IBM 7090. 

In summary, from a technical standpoint, the hybrid approach of using several hundred 

words of associative memory in conjunction with a large random-access memory offers 

some promise for a 1970 era ACDS. However, it is unl ikely that the state of the art 

of technology and cost will permit the use of either large associative main memories 

or associative processors in naval tactical systems by 1970. 
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19.0 READ-ONLY MEMORIES 

If truly read-only memories are used in a future ACDS, such use will probably be 

restricted to three functi ons: 

1) Storage of constants and fixed subroutines; 

2) Storage of I arge reference tabl es; 

3) Storage of crit i cal data or programs (e. g. memory protecti on). 

For these types of functions, a true read-only memory that can be changed only 

manually or mechanically (e.g., by inserting a punched sheet) will be satisfactory, 

but other functions may require read-mostly memories. These can be considered a 

special case of read-only memories which are normall"y only read, but which are 

capable of being altered electronically. The question of how frequently they may be 

altered and the difficulty of this alteration is a relative matter that determines whether 

they should be considered read-only or read-mostly storage. If read-mostly storage 

devices are used, it wi II probabl y be for one of the foil owi ng functi ons: 

1) Storage of constants and fixed subroutines; 

2) Storage of subroutines of micro-operations, if a micro­

programmed type of mach ine organization is selected. 

Read-only and read-mostly memories are considered for appl ications such as those 

listed above only if they are either significantly cheaper or significantly faster than 

a more conventional read/write memory. The low cost is a significant factor for the 

storage of relatively fixed data/while the high speed is important for storage of 

m i cro-operati ons. 

Several types of read-only memories have been developed including the card-change­

able twistor, capacity-sensing read-only memories, and photographic storage. 

Available read-mostly memories include the Biax, the Transfluxor/ the Piggy-Back 

twistor, and non-destructive read-out versions of plated wire and planar thin-film 

memories. 
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Some of the memory technologies discussed previously, such as the plated wire 

memory, have a non-destructive-read-out (NORO) characteristic that permits them 

to be used as read-mostly memories also. 

Read-only and read-mostly memories are not considered in greater detail in this 

report since their use in a future ACDS is not certain and since there are no new 

developments currently underway that offer significantly higher speeds or lower costs 

in a 1970 time period than those that will be offered by some of the read/write 

memories discussed in this report. 

20.0 OTHER MEMORY TECHNIQUES 

This report obviously has not discussed all types of memory devices or developments. 

Questions considered in selecting memory technologies for investigation and discussion 

include whether it is: 

1) Batch fabricated; 

2) Expected to be a major competitor in 1970; 

3) All electronic or magnetic; 

4) Suitable for use in a Navy shipboard environment; 

5) A type possessing characteristics likely to be required in a 

1970 ACDS; 

6) Representative of a particular class of memories; 

7) Either an establ ished technology or a significant adva nce, 

if a new technology. 

These considerations lead to the omission of a number of types of memories, such as 

electromechanical memories where all-electronic or magnetic alternatives now 

exist - e.g. magnetic-drum or disc internal memories. 
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Appendix B 

COMPONENTS AND PACKAG ING 

1.0 CRYOGENIC LOGIC 

Cryogenic logic and switching devices, such as the cryotron have been proposed for 

computer use for approximately ten years (see Figure 1 ). During this time, they 

have not proved superior to semiconductor techniques. Although there is some 

controversy concerning this, most workers in the field concede that logical components 

are the least likely application for cryogenic techniques in a computer. 1 Most of the 

cryogenic research and deve lopment work remaining at this time is concentrated on 

associative and large-capacity memories. Cryogenic logic and switching is considered 

primari Iy as an adjunct to a large-capacity or an associative cryogenic memory. The 

use of cryotrons for the selection tree in a large-capacity cryogenic memory is an 

example. It is very unlikely that cryogenic logic techniques will be competitive with 

semiconductor integrated circuit logic for general use in 1970 era naval tactical systems. 

Lead 
n-----connection -------:a line 

Lead ground plane 

Figure 1. Diagram of An In-Line Cryotron 
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2.0 FLUID LOGIC 

Fluid logic is usually mechanized by hydraulic or pneumatic systems in which small 

mechanical movements are used to switch the path or flow of a hydraulic or pneumatic 

medium; e.g., oil orair. 2 The major disadvantages of fluid logic are the relatively 

slow response time and the size and weight compared to equivalent integrated semi­

conductor circuits. The signal is limited to the velocity of sound and the switching 

time is in the order of 1 millisecond. Fluid logic offers more environmental immunity 

which is advantageous in adverse environments such as high temperature, electromagnetic 

fields, and nuclear radiation. It emits no RFradiation and can be highly reliable. 

Fluid logic may also offer advantages (e.g., lower cost) in applications where the 

initial input information is in a mechanical form and a mechanical output is required. 

An example of this is a desk calculator where the initial inputs are key depressions 

and the outputs are mechanical printing operations. 

Two or three companies have built small demonstration calculators using fluid logic. 

Fluid logic is amenable to batch-fabrication in the form of injection molding techniques. 

Fluid logic may be applicable to some shipboard functions, such as weapon direction 

and ship's control. However, fluid logic wi II not be competitive with integrated 

circuits for logical functions in the central processor and auxiliary equipment for the 

information processing portion of a 1970 ACDS. 

3.0 OPTICAL LOGIC 

There has been considerable interest in the possibility of using optical logic devices 

in computers because of the inherent speed theoretically possible when working with 

light. Recent developments in fiber optics and lasers have accelerated this interest. 3, 4, 5 

Some of the characteristics of lasers that make them attractive for computer use are: 

1) The output is coherent and monochromatic 

2) Very-high frequencies are possible 

3) The beam is highly collimated 

4) High-power intensity 

5) Capable of either continuous or pu Ise operation. 
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Fiber optics have the capabi lity of conducting light around curved paths, and hence 

t hey offer interconnection poss ibi I ities sim i lar to the use of wires in carryi ng electrons. 

However, lasers and fiber optics wi II see use in memories and display areas before 

they will be successfully used as logical components. Optical logic techniques offer 

promise for the long-range future, but they wi II not be feasible for use in a 1970 system. 

4.0 SPECIAL SEMICONDUCTOR ELEMENTS 

A number of unique or special purpose semiconductor devices have been proposed for 

use in computers. Of these, the most serious consideration has been given to the tunne I 

diode.
6

, 7 Tunne I diodes have been proposed for high-speed, small-capacity memories 

as we II as high-speed logica I components. Of the various approaches to "ki lomegacyc Ie 

circuits" tunnel diodes are considered the most practical, although the rates of 

approximately 200 - 500 megacycles at which they have been used do not quite fall in 

the kil omegacycl e range. Soon after they were introduced four or five years ago, 

tunnel diodes were considered by many people to be an exciting solution to the high­

speed computer circuit problem. However, difficulties in working with a two terminal 

device such as the tunne I diode have seriously dampened this enthusiasm. The problems 

of interconnection techniques for tunnel diode circuits operating at a frequency of 

several hundred megacycles have proved to be difficult. Systems become very expensive 

as a result of the discrete mechanical configurations required for interconnections and 

shielding. Although tunnel diode logic circuits are feasible, they will not be 

competitive with integrated circuit techniques for use in an ACDS in 1970 since such 

h ig h speeds are not requ ired. 

5.0 ALL-MAGNETIC LOGIC 

Magnetic elements can be used in a digital system for logic as well as for storage 

functions. However, magnetic elements have not en joyed the widespread use 

as logical elements that they have as memory elements. This is, of course, 

due to the difference in the nature and requirements of memory components and logic 

components. A single word location in a memory is addressed at one time, and a 

large driving current, low sense signal, and destructive readout are acceptable. On 

the other hand, for a logic element it is necessary to provide some form of gain, and 

to sense the state of the device without changing it. 
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A number of applications for all-magnetic logic and a number of types of logical 

configurations and elements have been described in the literature. 8 , 9, 10,11 

(See Figure 2 ) All-magnetic logic offers several distinct advantages, including: 

1) High reliability 

2) Radiation resistance 

3) High temperature operat ion 

4) Low standby power 

5) Non-volati Ie 

6) Low power requ ired at low frequenc ies 

7) Cost (in some cases) . 

The major disadvantages in the use of all-magnetic logic have been the inherent slow 

speed and the lack of a steady state output indication. Most work on all-magnetic 

logic has been in the 5 to 10 kc range. Sh ift cycle rates of 150 to 200 kc may be 

possible by 1970, but speed is probably limited to a few hundred kilocycles at most. 

The speed is limited by switching time, heating, and current requirements. For most 

applications all-magnetic logic circuits have not proved themselves sufficiently 

advantageous with respect to either cost or performance to encourage their use in 

place of the simpler and more common semiconductor circuits. 

The characteristics of all-magnetic logic are ideal for certain applications such as an 

onboard computer in a deep space probe. In this application, very low speeds are 

acceptable and radiation resistance, low standby power (since the spacecraft is in­

operative for the long cruise periods of the mission), and high reliabi!ity are important. 

For some shipboard functions such as peripheral equipment, weapon direction systems, 

fJnJ 5hip's control systems where high speeds al'e not required, magne1ic logic may 

prove a good choice. Appiication5 of ail-magnetic logic in shipboard systems were 

ana Iyzed in a recent study. 12 

However, for tactical data system applications, all-magnetic logic will not be 

competitive with semiconductor integrated circuits. The radiation resistance 

characteristic and the high reliability would be important if future developments 

prove that integrated circuits are not as reliable as magnetic logic. However, it 
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Inputs 

Outputs 

"One" = AS 

"Zero" = A + B = AB 

Figure 2. N\ul tiaperture Ferrite Core Connected As An 
AND Gate for Magnetic Logic 
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appears that semiconductor integrated circuits will equal or approach the reliability 

of all-magnetic logic, and that the cost of these elements will be less than that for 

the discrete elements used in magnetic logic. The speeds of all-magnetic logic are 

not sufficient for the central processor since the multi-apertured devices found most 

suitable for magnetic logic have been limited to rates of a few hundred kilocycles 

per second. It is possible that new developments in thin-film integrated magnetic 

circuits in the next few years may enhance the performance and significantly reduce 

the cost of all-magnetic logic but it is unlikely that this will occur by 1970. 

6.0 SEMICONDUCTOR INTEGRATED CIRCUITS 

Integrated semiconductor circuits are by far the outstanding candidate for the logical 

mechanization of a 1970 naval tactical data system. Integrated circuits have been 

proved feasible and successful, and are currently being used in several military 

computers. The first integrated circuit demonstration computer in 1961 showed a 

lOt 1 0 0 10 bOlO bl dO 13 o Improvement In re la I Ity over a compara e Iscrete component computer 0 

Hybrid integrated circuits are used in the Remington Rand CP667 computer for NTDS 

and in the new IBM System/360 commercial computer 0 14, 15 Monolithic integrated 

circuits have been used in the Autonetics Monica Computer, by MIT in the Apollo 

computer, by AC Spark Plug in the MAGIC computer, and are being used by Litton 

in the computer for the F-111 (TFX) 0 16 Estimates of the military use of integrated 

circuits range from 40 to 50% of all military electronics in 1970 to approximately 75% 
. 1973 17, 18, 1 9 So d· 0 I· 0 0 d b I 0 d 0 0 In. mce Iglta circuitry IS more a apta e to Integrate circuit 

techniques, the estimates are even higher for computer and data processing equipment -

approximately 70% by 1970. Actually, this figure will probably be closer to 9Qok 

(not including the memory) for new digital equipment designed to become operational 

in 1970. 

Integrated circuits are not basically new components in the sense that lasers are, but 

rather they represent radically new methods of fabricating and packaging semiconductor 

circuitry. The reduction in the number of discrete components, resulting from fabricating 

complete circuits as a single component, offers significant advantages in terms of 

reliability, cost, and size. Batch-fabrication of volume quantities of integrated 

circuits will result in significantly lower costs than is achieved by the present printed 

circuit and hand wiring of basic components and circuit modules. 
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Based on considerations of reliability, cost, size, weight, and environmental 

conditions, it is reasonable to expect that integrated circuits will account for almost 

all of the logical components in a 1970 shipboard or ground-based military system. 

There are five basic types of integrated circuits although these are sometimes called 

by different names and in some cases grouped differently. The term hybrid is 

particularly confusing since it is applied to thin-film passive components with discrete 

active components and to thin-film passive components with monolithic active 

components. These five types are: 

1) Hybrid discrete active and thin-fi 1m (or thick-fi 1m) passive 

2) Monolithic 

3) Hybrid monolithic/thin-fi 1m 

4) Active thin··fi 1m 

5) AAel'al oxidA sem:conductor (MOS) 

There r:!:":"" ::;ood reasons for the deve lopment and use of each of these. These 

reasons are discussed in greater detai lin this Appendix. 

6.1 HYBRID DISCRETE/THIN-FILM (or THICK-FILM) CIRCUITS 

In this type of circuit, passive elements, such as resistors and capacitors, are printed 

on a ceramic or glass substrate by either vacuum deposition of thin-film elements, or 

by printing of thick-film elements in a process similar to silk screening. 15 Discrete 

(but unpackaged) active components are connected to printed or deposited inter­

connections on the same substrate (see Figure 3 ). The combination is then packaged 

as a single unit. This is an interim type circuit that was developed before monolithic 

and hybrid monolithic circuits were technically feasible for large scale production. 

Their main area of application is where a high ratio of passive to active components is 

requ ired. 

This type of circuit offers the advantage that the passive components can be made 

cheaply with tightly controlled tolerances. Relatively large values of capacitance 

can be fabricated and resistance values can be maintained within about one per cent. 
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The values and tolerances available through the use of thin-film passive components 

is illustrated by a table of characteristics presented in a recent talk by McLean. 20 

Table 1 

CAPACITORS AND RESISTORS 

CAPACITORS 
1-------------------------------------------------/ 

Die le~tric Die lectric Capac itance 
Material Constant (uf/cm2 ) Precision 

Ta2 05 22 0.10 + 30/0 -
SiO 6.8 0.02 + 3 0/0 

RESISTORS 
1-------------------------------------------------------------------------

Material Ohms/Square Adjustability 

Nichrome 10 - 300 0/0 

Sn02 25 - 400 0/0 

CrSiO 30 - 1,000 0/0 

PdAg Glaze 500 - 10,000 1 0/0 

Ta(N) 5- 200 0.1 0/0 

Td(O) 50 - 1,000 0.1 0/0 

As a result, this approach is more adaptable at present to linear circuits, such as 

differential amplifiers and analog circuitry, than is the monolithic integrated circuit. 

This type of circuit also has the advantage of inherent isolation - no interactions and 

parasitic capacitances between the different elements as is the case for the monolithic 

integrated circuit. It has the disadvantage that the active elements must be handled 

as discrete elements. The reliability is probably not as high, due to the handling of 

the active elements and the soldering of these elements to the printed interconnections 

on the substrate. The cost wi II be higher and large arrays of logical circuits cannot 

be batch-fabricated. 
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One commercial computer manufacturer uses five different fami lies of hybrid logic 

circuits with propagation delays of 200, 20, 9,6, and 2 nanoseconds. 

With the possible exceptions of high-power or high-voltage circuits, it is believed 

that this type of circuit will phase out before 1970 with preference being given to the 

second and third type of integrated circuits discussed next. 

6.2 MONOLITHIC INTEGRATED CIRCUITS 

Th · f·· . I I· d 21 A· I ( . d IS type 0 circuit IS comp ete y Integrate. ctlve e ements e.g., resistors an 

capacitors) necessary to perform a specific circuit function or set of circuit functions, 

are fabricated by a series of diffusion processes in a single silicon chip. Interconnections 

are fabricated by vacuum deposition processes on top of the diffused components (see 

Figures 4 and 5 ). This circuit has the advantage that all components in the 

circuit are made during the same series of operations, and that mu Itiple circuits of 

this type can be batch-fabricated in a single set of operations. 

This type of circuit should ultimately be cheaper to fabricate and more reliable due to 

the ability to make all interconnections by vacuum deposition processes. It is more 

adaptable to the batch-fabrication of large interconnected arrays such as a major 

segment of an arithmetic unit. There have been three major disadvantages with respect 

to monolithic integrated circuits to date: 

1) The interaction between semiconductor elements diffused in the same 

si I icon chip and the resu Iting parasitic capacitances. 

2) Difficulty in maintaining resistor tolerances better than approximately 

20% • 

3) Difficulty in fabricating capacitancies of more than a few micro­

microfarads. 

There is no easy method of fabricating inductors, but fortunately this presents no 

problem for digital circuits. The yield of this type circuit has not been as satisfactory 

since any individual bad element makes the entire circuit bad. It is difficult to get 

accurate information on the yie Id experienced by manufacturers, but estimates range 

from approximately 1%to 20% for present high-grade military type circuits with yields 
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of 50 to 90% predicted for the future. Propagation delays at 2 to 5 nanoseconds 

are avai lable today. Present state-of-the-art permits approximately 30 transistors 

and (:IJ to 80 total components on a single chip. These figures should double within 

a year and increase to several hundred by 1970. 

Monolithic integrated circuits are well suited to digital applications where component 

values are not as critical, but they are not satisfactory for most types of linear circuits 

at present because of the interactions and the difficulty in controlling tight tolerances. 

Intensive research and development,efforts are being expended on the problems of 

monolithic integrated circuits,and rapid progress is being made. Several companies 

have reported success in isolating the components in a monolithic integrated circ'Jit 

d h 0 • 0 22, 23 T dOff h to re uce t e parasitic capacitance. wo I erert aprxoac es to component 

isolation are illustrated in Figures 6 and 70 This should increase the speed of cir­

cuits to this type and permit their application in certain types of linear circuits. 

It is anticipated that this type of circuit will be the major integrated circuit technique 

used in digital applications, including shipboard data systems, within the next few 

years. 

6.3 HYBRID MONOLITHIC/THIN-FILM CIRCUITS 

In this type of circuit active elements, and possibly certain passive elements, are 

d Off d 0 0 I 01 0 h 0 . h dO 28 H dd 0 t 0 I I use Into a sing e SI Icon c Ip as In t e prece Ing case. owever, a Ilona 

thin-fi 1m passive elements as we II as interconnections are fabri cated on top of the 

silicon chip by vacuum deposition processes (see Figures 8 and 9)0 

This technique combines many of the advantages of the first type of hybrid circuit 

discussed with the advantages of the completely monolithic integrated circuit. Tight 

tolerances on resistors and capacitors can be maintained and re lative Iy large values 

of capacitance fabricated while not handling discrete components. Thin-film resistor 

and capacitor characteristics listed for the first type of hybrid circuit discussed 

previously are also applicable to this type. 
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Figure 8. Thin-Film Resistor 

Thin-film resistor AI 

Figure 9. Hybrid Thin-Film Resistor and Transistor 
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Batch-fabrication of arrays of elements and circuits in a single set of processes, and 

higher reliability resulting from vacuum deposited interconnections are achieved. 

With this type circuit, it is possible to obtain many of the cost and reliability 

advantages of the completely monolithic integrated circuit while fabricating higher 

quality components. The fabrication of linear integrated circuits, such as differential 

amplifiers and other analog type circuits, is facilitated. This is illustrated by a IIhigh 

frequency DC amplifier" described recently by Breuer. 24 Several hundred thousand 

ohms of resistance and several hundred micromicrofarads of capacitance can be 

obtained on an integrated circuit using this hybrid approach. Resistor tolerances of 

better than 10%, and capacity tolerances of two parts per million can be obtained 

relatively easily. Higher resistor tolerances can be achieved by "trimming" the 

resistors during the test operation. A comparison of resistor and capacitor character­

istics available through diffusion in monolithic silicon circuits and through deposition 

of thin-fi Ims in hybrid circuits has been presented by Hogan and are reproduced in 

Tables 2 and 3. 

Monolithic integrated circuit application to linear circuits has not progressed as far 

due to the problems with interaction between components, parasitic capacitance, and 

the difficulty of fabricating larger values of capacitance. As a result, most of the 

success in integrating linear circuits has been with hybrid integrated circuits. 

Differential amplifiers and other typesof analog computer circuits have been difficult 

to mechanize with monolithic circuits for these reasons. A good deal of effort has 

been expended on certain types of linear circuits for computers - particularly sense 

I'f' f . 24, 26 amp / Jers or memories. 

Satisfactory memory sense ampl ifiers in integrated circuit form wi II be avai lable within 

a year. This wi II have a significant effect on memory costs for large capacity memories 

as discussed in the memory section of this report. Magneti c memory drive circuits 

have been difficult to mechanize in integrated circuit form because of the power 

handling requirements. The solution to this problem is not as close as the solution to 

the sense amplifier problem. Hybrid circuits wi II be used along with the completely 

monolithic integrated circuit for the next five to eight years at least. Monolithic 

integrated circuits will be used wherever possible, with the hybrid monolithic/thin-

fi 1m c ircu it be ing used to complement and supplement them where higher to lerance 

components or larger values of capacitance are required. In other parts of this report, 
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Table 2. Integrated Circuit Resistor Characteristics 

Monolithic Si licon Components 
Diffused 

Parameter p 

Sheet resistance, ohms/square 100-300 

Resistanc~ per substrate area* , 
ohms/mil 50-150 

Temperature coefficient, 
ppm;oC +2800 to 1500 

Power dissipation per ac~ive 
resistor area**, mW /m i I 3 

Maximum voltage, volts 20 

Tolerance for high yield, per cent 
*** .±20 

Distrib~ted capacitance****, 
pF/mil 0.2 

--- ------~ 

* 
** 

Assumes 1-mil-wide stripe, and 1-mil-wide spacing. 
Depends upon package and heat sinking. 

*** 
**** 

Tighter tolerances avai lable at higher cost. 
Negligible using recent EPIC techniques. 

Diffused 
n 

2.5 

1 .25 

+100 

3 

6 

-

0.6 

Thin Film 
Com p::ments 

Nichrome 

40-400 

20-200 

.± 100 adjustable 
to within±Hf/o 

2 

-

±8 

-

Cermet 

100-1000 

50-500 

-55 

-

±8 

-
o 

<0 
C 
::l 

.." 

0-
0-
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Parameter 

pF/mil2 

V , volts max 

Dissipation factor, ok, 

1 kc/s 

1 Mc/s 

10 Mc/s 

Capacitor temper-
ature coefficient, 
ppm/'C 

Capacitor voltage 
sensi tivi ty 

Polar 

Shunt capacitance, 
per cent component 
value 

Leakage current at 5 
volts, A/pF 

Single 
Diffused 

p-n 
Junction 

0.1 at Vb" las 

30 

10 

Low 

V_ 1/ 2 

Yes 

25 
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Monolithic Silicon Compon~nts 

Double 
Diffused Thermally 

p-n Grown 
Junction Si02 SiO 

= 0 1 .0 at Vb. = 0 0.25 0.01 las 

6 50 50 

100 2.5 

0.7 0.7 

2.0 

.±200 

Low Low ±50 

V_ 1/ 2 
0 0 

Yes No No 

25 18 0 

10-9 10-9 

Thin-Film Components 

Boroa lum i no-
Si licate Tantalum 

Glass Oxide 

0.4 2.5 

50 20 

0.2 0.8 

0.2 0.3 

+115 +400 

0 0 

No No 

0 0 

I 

():,o 
• (1) 

."'8 
(1) .., 
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these two types are discussed interchangeably as "integrated circuits" with the 

assumption that monolithic techniques will be used where possible with thin-film 

passive components deposited on top of the chip where necessary to achieve required 

component values or tolerances. Unless the isolation problem in the monolithic 

integrated circuit is completely overcome, the hybrid monolithic thin-film approach 

may also be used to permit higher speeds (below 2 nanoseconds propagation delay). 

This wi II be the second major type component used in 1970 ACDS. 
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6.4 ACTIVE THIN-FILM ELEMENT CIRCUITS 

In th is type of circuit, both the active components and the passive components 

are fabricated by vacuum deposition of thin-film elements. (See Figure 10. )27,28 

Cadmium-sulphide thin-film circuits represent the most promising approach to 

thin-film active circuits at present. Predictions concerning the date at which 

active thin-film elements will become feasible vary widely -- from "almost 

immediatel/' to IInot less than five yearsll
• The longer estimate is probably 

the more accurate one with the possible exception of a related but somewhat 

different approach that requires a single crystal passive substrate such as sapphire. 

An insulated-gate field-effect transistor has been fabricated in this way by depositing 

or growing silicon on a single crystal passive substrate (sapphire), depositing an 

oxide insulator such as silicon monoxide, and depositing aluminum plates for 

connections and distributed capacitance. 29 (See Figure 11.) Because of the 

majority carrier nature I field effect transistor devices have been expected to 

offer better radiation resistance characteristics. This device is attractive 

because of its simplicity and the fact that it is quite amenable to batch-fabri-

cation of large interconnected arrays with minimum interaction. 

It is doubtful that the use of thin-film active elements, such as thin-film 

transistors, in a system will be feasible by 1970. 

6.5 METAl-OXIDE-SEMICONDUCTOR (MOS) CIRCUITS 

In this type of device a single diffusion process is required in a semiconductor 

(usually silicon) chip.30 This is a field-effect device in which metal electrodes 

are deposited on two sl ightly separated diffused areas (e. g. N type material for 

a P type chip), an insulator (e.g. silicon monoxide) is deposited on tl-e chip 

between the two diffused areas, and the th ird metal el ectrode is deposited on the 

insulator (See Figures 12 and 13.) 

Although MaS devices have advantages from the fabrication standpoint, they 

cannot match the 5 ns speeds quoted for bipolar transistors. Present work with 

field effect devices indicate potential speeds in the range of 50 - 100 ns. Most 

of the success with field-effect devices to date has been with the metal-oxide­

semiconductor (MaS,,) Since significantly fewer processing steps are involved, 
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the fabrication of large arrays of elements with reasonable yields is more feasible. 

In contrast to bipolar transistors, MOS elements are high impedance devices. The 

following advantages have been cited for MOS devices: 

1) There is no problem with "current hogging lJ in DCTL 

type circuits. 

2) High fan -out can be obta i ned. 

3) Complementary symmetry circuits can be made on the 

same substrate with only one extra diffusion process. 

4) They are simple to fabricate and large arrays of circuits 

can be fabri cated. 

Complementary symmetry permits one MOS transistor to be used as a load switch 

for the other. 31 This increases the reliability and radiation resistance since 

shifts in the characteristics of the devices have a lesser effect if the load line 

is the characteristic of another MOS rather than a straight I ine resistor type 

load. As the characteristics of one MOS change due to external conditions, 

the characteristics of the other change also, resulting in a lesser circuit effect 

from the net change. Complementary symmetry devices have been fabricated 

by diffusing areas of N type material into the P type substrate, then diffusing 

P type material into the N type areas. 

One manufacturer has reported work on a small low-cost random-access memory 

array mechanized with MOS elements/which is significant in thata single chip 

contains an order of magnitude more components than other integrated circuits 

now being manufactured. 32 The efforts to date have produced a complete 

memory array of 16 four-bit words on a single sil icon chip 115 mils by 145 mils 

in size (approximately ten times the area of conventional integrated circuit). 

About 30 chips can be fabricated on one silicon waf er with present yields of four 

to five good chips per wafer. The total read/write cycle time for this device is 

four microseconds -- a two microsecond read time and a two microsecond write 

time. The relatively slow speed of four microseconds results from the fact that 

the MOS is a high impedance device. They have estimated that a speed improve­

ment of an order of magnitude is probably the best that can be expected with this 

approach. However, on a laboratory basis, 150 - 200 nanosecond MOS type 
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storage elements similar to those have been fabricated by another company by 

tak i ng advantage of compl ementary symmetry. 3 1 

Most companies have experienced a surface instability in metal oxide semi­

conductors that is very temperature dependent. Two companies have reported 

that this surface instability, caused by charge motion at the metal-to-oxide 

interface (charge I eakage around the gate), can be overcome by phosphorous 

treating of the surface. 

MOS integrated circuits have recently received intensified interest. The number 

of companies offering discrete MOS elements has doubled during the past year. 

Although the technology is not as well established and the speed capability 

is more limited, MOS integrated circuits will probably be the major competitor 

for monolithic and hybrid monolithic/thin-film integrated circuits for a 1970 

system - particularly where large arrays of interconnected circuits on a single 

chip are appl icable. 

SOURCE GATE DRAIN 

HEAVILY DOPED 
N-TYPE REGION 

N-TYPE 
CHANNEL 

p- TYPE 
SUBSTRATE 

Figure 12. Cross-Sectional View of an Insulated-Gate 
MOS Field-Effect Transistor 

Figure 13. Ladder Array of Enhancement Field-Effect Transistors 
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7.0 ENVIRONMENTAL CONDITIONS 

Current semiconductor technology is meeting the environmental requirements for 

shipboard applications. Semiconductor integrated circuits will be able to meet all 

of the necessary environmental conditions for shock, vibration, temperature, and 

humidity for use in a 1970 ACDS. Kilby has reported on tests of integrated circuits 

to military specifications saying, "Severity levels several times greater than those 

of MIL 19500, the most applicable specification, are required to cause failure. ,,33 

He presented a summary of the results of an environmental test program that is repro­

duced as Table 4. These test results show the ability of integrated circuit technology 

to meet military specifications for shipboard equipment. 

Temperature affects semi conductor characteristi cs and re I i abi Ii ty, but these effects 

can be kept within required limits in the operating range of -550 C to +1250 C. An 

indication of the effect on speed is given by a reported increase in propagation 

delay for a particular type of monolithic integrated circuit from 12 nanoseconds at 

250 C to 20 nanoseconds at 1250 C. 34 A plot of propagation delay versus temperature 

in the same report by Powers is reproduced as Figure 14. Such effects are accom­

modated by specifying the worst case (1250 C) delay for the circuit, and by designing 

equipment accordingly. 

Semiconductor monolithic integrated circuits using planar transistors will have 

essentially the same characteristics with respect to generation of electromagnetic 

interference and susceptibility to electromagnetic interference and radiation as the 

transistorized discrete component circuits used to mechc:nize shipboard computers 

at present. Thef€ i~ ,J 9UC~ possibi n ty that integrated circuits using MOS or other 

field-effect type deviCt::s will be more resistant to nuclear radiation because of their 

majority carrier nature. 3D , 31 However, this has not been fully proved by adequate 

amounts of testing, and some controversy has arisen as to the extent of this radiation 

resistance. Recently, Hughes and Giroux of the Naval Research Laboratory questioned 

this theory and ran radiation effect tests on MOS devices that indicate some radiation 
35 damage. They state, liThe results of exposing commercial MOS transistors to radi-

ation indicate that caution must be exercised when utilizing this type of device for 

space applications." However, this is not a serious problem for a 1970 ACDS since 

the equipment will not be subjected to a more severe nuclear environment than wi II 

the personnel on the ship. 
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Prepared by 
J.S. Kelly 

Table 4. Semiconductor Network Environmental Evaluation 

Number 
Test Tested Conditions 

Therma I Shock 30 * 5 Cycles -0 C to 100 C 
45 Cycles 

135 Cycles 
270 Cyc les -0 

Temperature I 73 * 5 Cycles -55 C to 125 C 
Cycling 

I 
40 45 Cycles 
40 135 Cyc les 
20 160 Cyc les 

Shock 73 * 1,500 G, 0.5 MS, Total 20 Blows, 
40 2,000 G 4 Planes 
50 3,000 G 
40 3.500 G, 0.2 MS 

Vibration Variable 83 * 20 G, 100-2000 CPS, 3 Planes 
Frequency 50 30 G 

40 40 G 
50 50 G 

Vibration 50 * 20 G, 60 CPS, 96 Hours 
Fatigue 50 30 G 9 Hours 

40 40 G 9 Hours 
40 50 G 9 Hours 

Constant 68 * 20,000 G 
Acceleration 29 25,000 G 

28 30,000 G 
32 35,000 G 
26 40,000 G 
24 45,000 G 
28 50,000 G 

Moisture 10 * 10 Cycles 
Resistance 10 20 Cycles 

10 30 Cycles 
9 40 Cycles 
8 50 Cycles 

Sa It Atmosphere 20 * 24 Hours, 50/0 so lution 
--

* Tests at MIL 19500 Leve I 
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8.0 BATCH-FABRICATION IMPLICATIONS AND CONSIDERATIONS 

Throughout the discussions of components and packaging and in discussions elsewhere 

of memories for 1970 systems, the concept of batch-fabrication has been emphasized. 

The development of this technology is the key to cost, reliability, and maintain-

abi lity improvements in a 1970 ACDS. The integrated circuit techno logies discussed 

are the leading and most highly developed forms of batch-fabrication in the com­

puter fi e Id . 

Batch-fabrication techniques for computer circuits, memories, and display equipment 

have progressed much faster in the past two years than had been genera lly anti ci pated. 

Within the next five years, these techniques wi II have a dramatic impact on the 

computer field. It is likely that the computer field will also supply the major 

impetus for acce lerated deve lopment of batch-fabri cation techniques si nee dig ita I 

equipment and systems are most amenable to the repetitive use of relatively standard 

circuits. A Ithough many deve lopment projects are underway on individua I batch­

fabrication techniques, very little work on the effect of these techniques on machine 

organization and on the consolidation of different techniques into a batch-fabricated 

computer system design has been rePorted. 

Batch-fabri cation techniques are frequent Iy inc luded under the genera I term 

"micro-electronics", but this is misleading. "Micro-electronics" places emphasis 

on size reductions rather than on the fabrication of large numbers of circuit elements 

in a single set of processing operations. Batch-fabrication offers additional 

significant advantages - reduced cost, improved reliability and maintainability, and 

reduced power requirements. 

Fu II advantage can be taken of advances in batch-fabri cation techniques on Iy when 

their effect on machine organization and systems design is better understood. Only 

a sma II part of the potentia I for batch-fabri cation processes wi II be rea lized if 

individual techniques, such as integrated circuits, are used to directly replace 

components or subassemblies in existing types of equipment and system designs. It 

is necessary to re-orient the thinking of computer designers when working with 

batch-fabri cation techn iques. 
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Methods of machine organization to provide more highly repetitive logical organiza­

tions are needed. Certain portions of present computers, such as successive stages 

in the adder of a parallel machine, are repetitive; but other portions, such as the 

control unit, tend to have unique non-repetitive logical configurations. 

If large arrays of logical circuits are to be fabricated in a single set of processing 

operations with acceptable yields, techniques will be required for easily eliminating 

bad elements or for permitting the array to work Y"ith a limited number of bad 

elements. Th is is done at present in the fabri cation of some memory arrays where 

redundant rows and co lumns are provided to perm it substitution for rows or co lumns 

that contain bad elements. However, there are no equivalent techniques for logical 

arrays in use in present systems. 

Criteria used previously to select efficient designs (e.g. minimizing the number of 

flip-flops or the logical terms in a Boolean equation) will not be valid. Since 

adding an additional flip-flop to a single silicon chip containing an array of 

integrated circuits will have a minor effect on the cost of the array, flip-flop and 

gate counts wi II be much less important than the number of circuit packages required. 

Emphasis will be placed on reducing the number of packages - even at the expense 

of significantly increasing the complexity of each package. 

Machine organization techniques using lIinefficient logic ll in order to facilitate the 

fabrication of larger arrays of logical elements in a single set of processing opera­

tions will be important in future systems. 

Batch-fabrication of logica I circuitry and memories wi II make it possible to fabricate 

sophisticated computers and central processors in very small packages. As a result, 

the imbalance between input/output and peripheral equipment on the one hand and 

computers and central processors on the other hand will be intensified. Since there 

is little hope at this time for equivalent improvements in the size and cost of peri­

phera I equ ipment, the centra I processor ina computer system designed a few years 

in the future may be mounted in the bottom of a tape unit (or of one of a large 

number of other peripheral devices). Hence, for a shipboard data system, the 

overa II effect of batch-fabri cation techn iques wi II be lim ited by the input/output 

and the complexity, and possibly the inefficiency, of the central processor and 

memory to minimize input/output and peripheral operations. 
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These are but a few of the many questions that need to receive more intensive 

investigation to assure the optimum uti Iization of batch-fabrication techniques in 

future digital equipment and systems. 

9.0 MAJORITY LOGIC AND VOTING REDUNDANCY 

9.1 MAJORITY LOGIC 

In discussing majority logic, it is necessary to consider the context in which the term 

is used. Strictly speaking, majority logic is a special case of threshold logic in 

which a logical element generates one logical output if over 50% of the inputs are 

present and generates the opposite log i ca I output if less than 50010 of the inputs are 

present. There should be an odd number of inputs to avoid ambiguity. The 

threshold level is set at n + 1 where n is the number of inputs. 
2 

This is in contrast to a conventional Boolean logical element in which the threshold 

is set at either 0% or 1000/0. In the zero thresho Id instance, one logi ca I output of 

a conventional Boolean gate is generated if none of the inputs are present and the 

opposite logical output if anyone or more of the inputs are present. In the 100% 

threshold case, one logical output is generated if all of the inputs are present and 

the opposite logical output if one or more of the inputs are missing. Any arbitrary 

function can be realized with majority logic elements and conversely any majority 

logic element can be simulated by a network of conventional Boolean logical 

elements. Hence, any Boolean logical design can be converted to majority logic 

by the proper manipu lation of the Boo lean expressions. 

The use of majority logic has been proposed primarily for circuits, components, or 

physical realizations which are more amenable to majority logic than to the con­

ventional Boolean functions of IIANDII and IIOR". The parametron and tunnel 

diode circuits are examples of devices of this type. Majority logic functions have 

frequent Iy been discussed for equipment to be mechanized with tunnel diodes or 

parametrons {or phase lock osci lIators}. However, ma jority log i c can a Iso be 

mechanized with conventional components, such as resistors, diodes, and transistors, 

and used to mechanize a computer that might otherwise be mechanized with 

conventional Boolean logical elements. 
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One example of thresho Id elements and a computer mechanized with them has been 

described by Coates and Lewis.
36 

However, these threshold elements were not 

restricted to the special"majority" case. This machine called IIDONUT" was 

designed and built specifically to compare the use of threshold logic elements with 

conventional gates. In many cases, specific logical functions can be realized with 

a sma Iler number of thresho Id gates than wou Id be required if conventiona I gates 

were to be used. However, si nce thresho Id gates are not inherent Iy bistab Ie or 

on-off devices, they are more sensitive to signal variations and component tolerances 

than conventional gates. Hence, theoretically possible component savings may not 

be actually realizable for a specified level of reliability. 

The DONUT computer was bui It to answer questions concerning component savings 

and relative reliability in systems mechanized with threshold logic. For this specific 

machine, it was found that the number of threshold gates required was about one­

quarter the number of \I NOR" gates that wou Id have been required with conventiona I 

Boo lean functions. However, si nce a genera I thresho Id gate with different thresho Id 

levels was used, the reduction in the number of gates was significantly greater than 

if the design had been limited to gates using pure majority logic. Also, it does not 

fo Ilow that a reduction in the number of gates necessari Iy produces a reduction in 

the number of components. For example, if a majority gate were fabricated as a 

pure thresho Id device (with a consequent reduction in to lerance capabi lity), the 

number of components would probably be reduced; but, if each majority logic were 

mechanized by conventional Boolean operators, such as "AND" and "OR", the 

tota I number of components might easi Iy be greater rather than less. From the design 

of the DONUT computer, it was concluded that IIthreshold gate logic offers a means 

for trading tolerances (and to some extent speed) for numbers of components. 1137 

However, this may not be a desirable trade-off, and it is not clear that a saving 

would have been achieved if only majority elements were used. There is no 

indication that components used in a 1970 ACDS will be more amenable to majority 

logic. The semiconductor integrated circuits that are expected to dominate the 

log i c mechanization of computers in that time frame are we II suited to the mechan­

ization of conventional Boolean functions. Hence, majority logic, in the sense 

discussed above, is not recommended for th is system. 
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9.2 TRIPLE REDUNDANCY WITH A "VOTING" CIRCUIT 

The second way in which the term "majority logic" is sometimes used is in connection 

with a redundancy system in which each logical function is triplicated and the "best­

two-out-of-three" is taken as the correct result for the function. 38 ,39,40,41 This is 

also frequently referred to as "voting logic." It is interesting to note that in this type 

of mechanization, the logical function itself is usually mechanized with conventional 

Boolean elements such as "AND" and "0R" gates. The only majority logic element is 

the actual voting element that determines the "best-two-out-of-three" results of the 

triplicated logical function and passes this on as the result. Even this may be mechanized 

as a Boolean function rather than with a specific majority logic element. Hence, it is 

misleading to speak of this approach as " ma jority logic. II To do so tends to confuse a 

redundance technique with a type of logical element. 

There are many approaches to achieving higher reliability through the use of redundancy 

in a system. One of these is the triplication of portions of the system with a voting cir­

cuit or majority logic element used to select the proper output if one of the three func­

tions differs from the other two. This can be done at any level; i.e., logical functions, 

equipment, subsystems, etc. Unfortunately, this approach in its simple form assumes a 

very high degree of reliability in the majority logic element itself. In fact, it is valid 

only if the majority logic element is more reliable than the logical elements used in 

mechanizing the triplicated functions. Since this may not be the case for a simple 

majority logic element, it may be necessary to triplicate the majority logic elements 

also. Triplicating these results in three outputs which must be accepted by the next 

level of logic. This requires an iterative type triplication which results in significant 

increase in the number of components. 41 The use of majority logic and redundancy of 

this type must be evaluated first against the need for redundancy in the system and then 

agai nst other types of redundancy. 
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10.0 SOURCES OF INFORMATION AND REFERENCE BIBLIOGRAPHY 

10.1 ORGANIZATIONS CONTACTED 

Components and packaging techniques have been discussed with personnel of a number 

of different companies and governmental agencies in the course of this study. The 

following list indicates the companies and governmental agencies with whom com­

ponents and packaging techniques hav;~ been :liscussed, and tt1e h;p;cs discussed 

with each: 

Motorola Semiconductor Div. 
Phoenix, Arizona 

Remington Rand UNIVAC 
St. Pau I, Mi nnesota 

Control Data Corp. 

Autonetics 
Anaheim, California 

Bun ker-Ramo Corp. 
Canoga Park, Cal ifornia 

RCA Laboratori es 
Pri nceton, New Jersey 

Hughes Semiconductor Div. 
Newport Beach, California 

Sylvania 
Waltham, Massachusetts 

ONR 
Washington, D. C. 
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Integrated circuit sense amplifiers 
Integrated circuit storage registers 
Monolithic integrated circuits 
Hybrid integrated circuits 

Hybrid integrated circuits 
Integrated circuit reliability and 

fai lure analysis 
Packaging techniques 

Integrated circuit applications 
Packaging techniques 

Monol i th i c integrated c i rcu i ts 
Integrated fi e Id-effect-transistor c i rcui ts 
Integrated circuit packaging techniques 

Monolithic integrated circuits 
Integrated circuit sense amplifiers 

Integrated field-effect- transistors 
Meta I-ox i de-sem i conductor 

integrated circuits 
Active thin-film integrated circuits 

Integrated circuit packaging techniques 
Monolithic integrated circuits 
Hybrid integrated circuits 
Active thin-film integrated circuit 

Tun n e I d i od e c i rc u i ts 

Optical components 



RADC 
Rome, New York 

SRI 
Menlo Park, California 

Fairchi Id Semiconductor 
Mountainview, Cal iforni a 

Optics Technology 
Belmont, Cal ifornia 

NASA 
Washington, D. C. 

National Security Agency 
Fort Mead, Virginia 

Hughes Ground Systems 
Fullerton, California 

Raytheon SC Divisi on 
Mountainview, California 

Signetics Corp. 
Mountainview, California 

Honeywell Electronics DP Div. 
Wellesley Hi lis, Mass. 

Burroughs 
Paoli, California 

Navy BuShips 

USAER&DL 
Fort Monmouth, New Jersey 

Texas Instruments 
Dallas, Texas 

Remington Rand UNIVAC 
Blue Bell, Pennsylvania 

V-B-32 

Opti cal components 

All-magnetic logic 
Cellular logic for integrated circuits 
Electron beam fabri cati on 
Fluid logic 

Monolithic integrated circuits 
Hybr i d integrated c i rcu its 
Interconnection and packaging techniques 

Fiber optics 
Laser techni ques 

Active thin-fi 1m integrated circuits 
Monolithic integrated circuits 
Packaging techniques 

Optical techniques 
Integrated circuits 

Envi ronmental stabi Ii zati on of 
electronic equipment 

Monolithic integrated circuits 
Packaging techniques 
MOS circuits 

Monolithic integrated circuits 
Field effect devices 
Packaging techniques 

Logic ci rcuits 

Th in-fi 1m circui ts 

Packaging and maintainability techniques 
Integrated circuits 

Lasers 
High-speed serial circuits 

Multi-circuit chip fabrication 
Monolithic integrated circuits 

Fluid logic (pneumatic) 
Interconnection techniques 



Discussions with personnel of these organizations provided a basis for much of the 

information presented in this report. In addition to discussing techniques and 

approaches that have not been adequate Iy descri bed in publ ished literature, the 

opinions of experts in specific areas in these organizations were solicited concerning 

the advantages, disadvantages, limitations and future prospects for different com­

ponent and packaging techni ques. 

10.2 LITERATURE 

An extensive list of references pertinent to the study of components and packaging 

techniques is given in the Bibliography. A study of many of these references has 

contributed to the material presented in this report. Some of the more pertinent 

and important of these referred to in the text have been extracted from the biblio­

graphy and listed in this section as specific numbered references. These numbers 

correspond to numbered citati ons in the test. Di rect quotati ons have been used 

wh ere noted. 
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II The Case for Cryogen i cs ?", Ittner, W .. V ., Proceed i ngs 1962 F JCC, 
pp. 229-231, Philadelphia, Po., December 1962. 

"Pneumatic Log" I-IV, Holbrook, E .. L., Control Engineering, July, 
August, November 1961, and February 1962. 

II Fiber Opti cs and the Laser ll
, Kapany, N. S ., paper presented at the 

New York Academy of Sciences Conference on the Laser, New York, 
New York, May 4-5, 1964. 

liThe Status of Optical Logic Elements for Nanosecond Computer Systems II , 
Tippett, J. T., 1963 Pacific Computer Conference, IEEE, Pasadena, 
California, pp. 47-53, March 15-16,1963. 

IIPossible Uses of Lasers in Optical Logic Functions ll
, Koster, C., 

1963 Pacific Com~uter Conference, IEEE, Pasadena, California, 
pp. 54-62, Marc 15-16, 1963. 

"A Survey of Tunnel-Diode Digital Techniques " , Sims, R~C., 
Beck, E.R., Jr., and Kamm, V.C., Proceedings of the IRE, Vol. 49, 
No.1, pp. 136-146, January 1961. 

11300 mcs Tunnel Diode Logic Circuits", Cooperman, M., 1963 Pacific 
Computer Conference IEEE, Pasadena, California, pp. 166-186, 
March 15-16, 1963. 

IIDesign of an All Magnetic Computing System II , Crane, H.D. and 
Van DeRiet, E. K., IRE Transactions on Electronic Computers, Vol. EC-l0, 
No.2, pp. 207-232, June 1961. 

liThe Case for Magnetic Logic ll
, Rogers, J., and Kings, J., Electronics, 

Vol. 37, No. 17, pp. 40-47, June 1, 1964. 

IIAII Magnetic Digital Circuit Fundamentals ll
, Newhall, E .. E., Digest of 

1964 International Solid State Circuits Conference, pp. 16-17, 
Philadelphia, Po., February 1964. 

IIAII Magnetic Digital Circuits and Application Problems ll
, Baker, T., 

and Dillon, C., Digest of 1964 International Solid State Circuits 
Conference, pp. 18-19, Philadelphia, Po., February 1964. 

IIStudy of Applications of All-Magnetic Logic to Naval Systems II , 
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IIMicroelectronics - Military Participation and Objectives ll
, Alberts, R., 

1964 WESCON, Los Angeles, Cal ifornia, August 25, 1964. 

IIBig Computer Goes in Small Package ll
, Electronics, pp. 28-29, 

March 14, 1964. 
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15. "Solid Logic Technology: Versati Ie, High-Performance Microelectronics", 
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Appendix C 
D I SPLAY CONSOLE SPEC IF I CAT IONS 

, 
Ameri can Bosch Bunker-Ramo Bunker-Ramo Bunker- Ramo 
Arma FC-300 BR-85 DC 400C 211/212 

Screen Size (Inches) 10 3/4 dia, 14 3/4 
12 x 16 6x6 3 1/2 x 4 1/2 dia, 18 3/4 dia 

Character Sizes .37 x .28 max. . 1,/ ,< • 1 ~ I .31 x. 22 .19 x .12 .31 x .25 
2 sizes interr.(]i adj. -25% int. ,~dj. 

Character Gen. Rate 500K 1C~« 50K 50K 

Character Gen. Technique Stroke Dot Stroke 5 x 7 Dot 

Symbol & Char. Repertoire 64 64 64 
" 

, Accuracy of Positioning .2% .4% 

Max Vector Length (inches) 18 3/4 3 

Brightness (ft.-Iamberts) 20 40 30 25 

Max. Ambient III. (I um/ft2) 25 10 5 30 

Phosopher P31 P28 P4 P7 P31 

Spot Size, Inches .010 .020 .020 .015 

S tabil i ty .1% 2% 2% 

Resolution Lines/Inches 100 32 30 

Frame Rate 35 - 20 60 40 

Storage Capacity (Words) 4096 4096 720 768 

Word Size (Bits) 12 9 6 8 

Type Storage Core or delay line Core Core Delay line 

Max. Data Input Rate 5K lOOK 20K 240 char ./se:. 
'Nerds/Second 

Rear pro jection Line drawing, light 
line drawing,light pen, st:lTUS lights, Status I ights, fixed Light pen, editing 

Features 
pen ,cursor ,variable cursor, fixed and and variable marker, fixed 
function keys,flat var. function keys function keys. function keys 
face CRT off-I i ne message 

composition. 

Space Requirement (cu. ft.) 60 85 54 1.6 

Weight (Ibs) 800 1300 1COO 45 

Power Requirements (watts) 2.2K 3.6K lK 70 

Availability (m:mths) 6 7-8 6-7 In. Prod. 

Price 150K- 'i70K 80K-l00K 1050-12CO 

I Core Memory I Control Unit, 
Auxi II iary Equipments Char. Gen. Digital Unit Display Buffer Char. G2n. 

'" r- , ... ,.:. ~I""'~ . C .... ".o. ", . .:; .. cee 
I 

Sri ghtness wi tnout 

Iprice ~nder re-evol- I 
I 

Remarks 
pro i. 2 I umens/ Buffer 56 cu. ft. I ?rice. C-:'0S not 
ft2 CRT image uation 

1000 Ibs, 1800 inciucc ccr.irol 
with white bac~- watts, S60K- unit 
giound 40 I umens/ 90K 
ft2 
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Bunker-Ramo Data Display Data Di splay Data Display 
203 0010 0040 0080 

Screen Size {Inches) 65/8 x 9 1/8 6x8 lOx 10, 12 x 12 lOx 1 0, .69 x. 69* 
film plane 

Character Sizes .25 x .31- .25 x .20 . 12 x .06, . 25x. 12 . 12x. 06, . 1 8)( . 09 , 
-25% int. adj. .50 x .24 .25x.12, .37x.16 

Character Gen. Rate 50K 125K 110K 

Character Gen. Technique .5/7 Dot Stroke 

Symbol & Char. Repertoire 64 64 123 

Accuracy of Positioning • ]C'/o • 1°/0 

Max Vector Length (Inches) 15.4 18.4 

3rightness {ft. -I amberts} 25 40 
. 2 

Max. Ambient III. (I um/ft ) 30 

?hosopher P31 P4 P4 P31 P31 P11 .... 

Spot Size, Inches .015 .030 .001* 

Stabi I i ty 2% 

Resolution Lines/Inches 30 4 char/in. 700-k 

Frame Rate 40_ 50 1,.0 50 30* 

Storage Capacity (words) 768 500/console 2048 2048 

Word Size (Bits) 8 6 36 32 

Type Storage Delay line Core Core Core 

Max. Data Input Rate 240 char ./sec. 50K 90K 
Word/Second 

Light pen, editing Line drawing, Line drawing. 
marker ,fixed Off-I i ne message bl inking, I ight pen, Characters may be 

Features function keys composition cursor, variable rotcteci 900
• Two 

Entry marker function keys intensities. Ital ic 
characters. 

Space Requirement (cu. ft.) 2.4 2.2 80 64 

Weight (Ibs) 60 450 1615 

Power Requirements (watts) 85 2K 

Availabi I ity (months) In Prod. 4-6 4-6 4-6 

Price 1900 5200 50K 125K 

Char. gen. Control uni t, 400 cycle 
Auxi II iary Equipments Control unit Interface Logical Unit generator-motor 

Comp. Interface 

Char. gen. comm Up to 64 displays/ Buffer is optional. *Parallel 5" cisplay 

Remarks interface. Price con tro I un it. Logi cal unit-85cu for fi 1m recording. 
does not include Control unit-S25K f t, 1 000 I bs . 3 Recorder reauires 
control unit. additional monitors 66 cu. fr. Char. 

size programmable. 
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Screen Size (l:~ c:' e:;,) 

Character Sizes 

enarcc ter Gen. Kate 

S/"r,;.)ol 6. Cha;-. Repertoire 

)::!7G~ E~u:,~mer:t 
(:,r;) 340 

9 3/8 x 9 3/3 

.J x .35 mcx 
4 sizes 

30;< 

Dot 

128,64 

}:I.ccurccy of Positioning .1% 

[\-\ex Vector Leng;h (inches) 93/3 

Dri;:h tne::;s (f t . -: cmberrs) Programmabl e 

,'vbx. Ambien tIll. (I um/ft2) 

(nosopfler 

Spot Size, Inches 

Stabi I i ty 

Kcsolution Lines/Inches 

f=rcr.-:e Rate 

S 70rage Capaci ty (war os) 

V,'ord Size (Bits) 

Type S tora Jt3 

,V,OX. Dal"C1 In?ut Rate 
V-Iord/Second 

Features 

Sp\...:e Requirement(cu. ft.) 

'!Ieight (!os) 

?O'llcr r<equirements (watts) 

Ava;icbility (months) 

Auxiiliary Equipmert; 

Remarks 

P7 

.038 

.5% 

50 

18 

333K 

Li:l2 Drawing 

80 

700 

1.5i< 

2 

28.6:< 

Char. gen. Li gh t 
pen, l:lterrace 

Aux ill i cry buffer 
required 

4'08-2 

1 i ~ /2 x 8 

.2 x .14 

6";' 

i% 

30 

P4 P2 

.015 
'0' 
I /0 

50 

60 --_ ... ,._ .. 
11 K char. 

6 

Drum 

30K 

Displays upper and 
Ic'.ver page. Two 
underscore markers. 

72 

200 

6 

48K 
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I T 7 
I. 

12 x 11 1/2;:, 1 3x 1 3 

.21 x .16 

!\-~onosccpe 

64 

.1% 

30 

12 

.004 

1"-;L:J 

60 

56 

10K 

Additive color sys­
tem, status lights, 
variable functio:l 
keys. 

75 

9 

200K 

Color is by projecticr 
of 3-35 mm fi I ms 
'~Alternate display 
tor keyboard data 

P20 

2 1/:2 x 4 1/2 

.16 A .1 

5 x 7 Dot 

64 

1"'r­vU 

100 

3 

P31 

Delay line 

10K 

1.5 

35 

200 

2-3 

4300 

Contra! Unit 



l r. fcrr.1c ;-ion PI-educt, 
IBM 1015 IBM 2250 LFE SM2 Co;-p. 1550 

f--

Scrc..:;n Size (l.1Ches) 4 1/2 x 7 1/2 5 dia 12 x 12 21 dia 

C~orQctcr Sizes .16 x . 1 .1 x .07 .15 x . 11, .12 x .10 
. lG x .07 

Chciac~.::r Gen. Ratc 25K 67K":: 13K 

Chc:-actcr Gen. Technique 5 x 7 Dot 5x7 Dot S:roKe 5x7 Dot, 7x9 Dot 
--:- I I" C' R • ~yrlliJ0 u nor. CiJC:rTOlr.:: 64 64 63 63 

.';ccuracy of Positioning .1% 

I''/\CX V ector Length (inches) 16.8 

-jr;~),rn.::ss (ft .-Ia:r.berts) 

\\cx. Ambient III . (lurr./ft2) 

?r.osopher P20 P31 P10 P7 P19 

Spot Size I Inches .008 .025 

S .... Siiity 

~csolution Lines/Inches 

frcme Rate 50_ 30 

Storage Capacity (words) 500 1200 4K, 8K, 16K 

V/ord Size (Bits) 8 8 bit 8 

Type Storage Delay line Storage Tube Core Disk 

Max. Data Input Rate 
V',' ord/Second 25K 650 char ./sec. 240K 13K char. /sec 

Line select switch, Li::ht pen, variable 

?eatures Function keys 
fixed function keys, function ke ys, Ha If-tone storage 
status lights i ine drawing, 

cursor 

Space Requirement (cu. ft.) 2 75 125 

Weight (Ibs) 45 375 590 

?owe:- Requirements (watts) 300 280 2.8K 

Availability (months) 2-3 24 24 

Price 5800 l~K 34K - 75K 

Auxi II iary Equipmenrs Control Unit Control Unit $14K Buffer ,Char. Gen. 

Keyboard has 10 Displays/Control 8-Model 2/Control Storage Tube 

Remarks 
'numerics, space & Unii. . Light Unit. CU has char. 20 min. max. 
6 letters or symbols . bac<grounci. Storage gen. & 8192 byte display. 

tub(! . buffer. * 1 OK using 
computer instead of 
c.g. 
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LFE SM2A LFE SM3 
Marquardt Philco READ 
DC 201 

Sc,'een Size (I nches) 14 x 19 2 1/2 x 4. 1/2 7 3/4 x 7 3/4 1 6 & 1 9 d i a , 14x 19 , 
10& 12 dia proiection 

Character Sizes variable 1x1 max 7 sizes 
3 sizes 8: 1 range 

Character Gen. Rate 500K 10GOK 52K 2L2K 

Character Gen. Technique Stroke 5x5,5x7,7x9,6x8 Stroke Stroke 
dot 

Symbol & Char. Repertoire 64 I IL() max 64 O/ot TO .) I L 

Accuracy of Positioning • 2~/() .2% 

Max Vector Length (inches) 7 3/4 1/8 screen size 

Brightness (ft.-Iambens) 
---.--

100 
? 

Max. Ambient ill.(i~lm/ft'-) 10 --,-_ .... -
Phosopher P31 ?4 P7 

Spot Size, Inches .010 

Stabil ity 10/0 

Resolution Lines/Inches 

Frame Rate 50 30 -

Storage. Capacity (words) 50K char. 50K char. 4096 4096 

Word Size (Bi ts) 9 Dot Matri>~ Size 12 36 

Type Storage Disk Disk Core Core 

""lax. Data Input Rate 
Word/Second 78K 950K char./sec 

Programmed intens- X-V line drawing, Line drawing,light 
Features ity -4 levels, cursor StClfliS Lig:":ts Light Pen pen, cursor, off-

I ine operation 

Space Requirement (cu. ft.) 36 60 24 

Weight (Ibs) 800 325 

.vwer Requirements (watts) 500 

Ava iI abil ity (months) 6 

Price 

Auxi II iary Equipments CDC 160 computer Control Unit 

Remarks 
ChafClcter size 15 remote units/ 
progrtJmmable control unit. CU 

60 cu. ft. 700 Ibs 
2000 watts 
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Scientific Data St .. omb·~rH-Carlson Stnmberg-Carl son Strombe:-g-Ca:- I son 
Systems 9185-11 SC- 1060 S:-1090 SC-l090 AV/RI S 

Screen Size (Inches) 10 1/2 x 10 1 /2 1 0 1/2 x 10 1/2 12 x 12 12 x 12 

Character Sizes • 16 x . 12, .32 x • 1 x .07 . .1 x .07 adiustable .1 x .07 adiustable 
.24 •. 64 x .32 ? x 14 t~ 07x 0.' 2 x 14 t~ 07 x 0,= 

Character Gen. Rota 25K 40K 30K 40K eOK max. 

Character Gen. Technique Stroke Shaped Beam Shaped Beam Shaped Beam 

Symbol & Char. Repertoire 64 64 64 96 max. 64 

Accuracy of Positioning .1% .50/0 .5% 

Max Vector Len9th(inch~s) 14.2 15 2 17 

Brightness (ft. -Iamberts) 20 40 40 

Max. Ambient III. (lum/ft
2
) ·10 10 

Phos?h~r P7 P12 P14 P28 

Spot Size, Inches .010 .025 .025 

Stabil ity .025% .5% 1% .5% 

Resolution Lines/Inches 100 266 235 235 

Frame Rct~:> char rate 30 25 30 30 

Storege Capacity (words) 1024 1024 

Word Size (Sits) 24 30 36 136 internal, 18 I/O 

Typ~ Storage Core Core Core Core 

Max. Data Input Rate 
Word/Second 

50K min. 40K 30K 60K,' 18 bit 

Line drawing,light 
pen, rear pro iect-

Line drawing, 4 Analog channels ion, expansion, Cur~or, I ine drawing 

Fea7ures Light Pen & ti:ne shared digital off-centering, hard copy prin ter . 
data category selection Data entry keys 

S?ace Requirement (cu.ft.) 5.5 40 70 70 

'v\/eight (los) 70 350 1000 1000 

Power Re'1uirem~nts (watts) 250 2K 2.5K 2.5K 

Avai ~ obi I i ty (mon ths) 4 5 2 5 

Ptice 7000 65K 31K 63K 

Auxiilicry Equipments 
Control unit, Char 
gen. , Vector gen. Display Buffer Display Buffer Display Buffer 

Control unit S3500, 

R~mcrks 
Char. gen. $3000, 
Vector gen. $ 1 000, Price for minimum 
Light pen $140'j, confi guration 
Power suppl y $3000 
SDS com. for mem .bJ 
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Raytheon Rayth2o:a RCA IDC 6320 Tasker Instrun:e:ats 
DIDS-1500 0105-500 TC-1OO 

Screen Size (I nches) 12 x 12 16 x 16 16 x 12 19 x 14 

Character Sizes .12x.OS , . 19x. 11, .25 x .15 variable .125 x .1 
.28x .18 selectable computer controlled 

Character Gen. Rate 300K 250K 4K 400K 

Character Gen. Techn ique Stroke 51roke mono scope Stro~e 

Symbol & Char. Repertoire 91 122 lid 32, 64, 128 

Accuracy of Positioning .2% .2% .1% .2% 

Max Vector Length (inches) .75 8 23 1/2 

Bri:::;htness, (ft .-Iamberts) 30 50 20 

Max. Ambient 111.(lum/ft2) 30 30 

Phoso?her P31 P~l P4 P4 

Spot Size. Inches .020 .020 .010 .020 

Stabi I i ty .05% .05% ::0/ .2% .,J,O 

I • 

I Resolution Lines/Inches 50 50 ~CG 50 
I 

.r' Frame Rate 48 60 '-'u 60 -

Storage Capacity (words) 4096 4C96 :6K 

Word Size (Si ts) 18 9 10 

I T"~e Storage 
~ I I 

Core Core Cel-e or Drum Drum 
... - JUU", . ,''';\cx. Data In?vt Kate 

35K 50K 18 bit 
Word/Second 

Cursor ,20vcriable Cursor, edi t L ;; .... ..:: c:-awi ng v: i ill Line drawing 
reatuies function keys, con tro Is, hard ,. t gun stat-.Js 

bl inking. copy p:-i n ter , :i:::;;',fS, security 
status lights cc:d 

Spac8 Requ irement(cu . ft.) 21 24 30 8 

Weight (Ib.s) 450 500 1.5K 220 

Po\,/-:; K.:;quircmcnts (watts) 675 1.1 3K 3K 

Availability (months) 6 

Price 125 

Log i c, charac ter 
Auxidiary ECjuiprr.enrs & vector gen. Control Unit. 

Logic Un i: 54 C:osed circuit TV 
Remarks cu. ft., 1050 Ibs. Mil - S?ec. en same screen. 

1025 watts 
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Tasker Imtruments Tasker Instruments Sanders Associates Inf:)rmatbn Display!. 
544 916 820 MllOCO 

Screen Size {Inches} 16 x 2 4 screens 21 dio 1 3 1/2 x 1 3 1 /2 12x 16. 13x 13. 15 di a 

Character Sizes .2 x .2 .1 x .075 . 1 x . 075 t:l • Sx . 38 

Character Gen. Rate 3.6K 03000 lOOK 

Character Gen. Technique Dot shaped beam str:>ke 

Symbol & Char. Repertoire 64 64 64 

Accuracy of Positioning .1% .2% 1% 

Max Vector Length (inc~,;;;s) 21 2 4 

3rightness (ft .-Iamberts) 100 LU 
Max. Ambient III. (lum/ft

2
) 100 25 

?: . .)sopher P31 P20 P31 P31 

Spot Size, Inches ,-008 .010 

Stabil i ty .02% .5% 

Resolution Lines/Inches 30 100 100 

Frome Rate 50 -
ro;l:: • 
v...J min. '30 

Storage Capacity (words) 12 Jl300 

'Nord Size (Bits) 36 . 12 20 

Type Storage Delay line Dialectric Mesh Core 

Max. Data Input Rate 
Word/Second 

Ke yboard en try 83K 150K 

Character marker, 
Line drawing, light 

Tw:> vector widths pen,4 sizes,4 inten-
status lights, 

Adjustable per-
i::lt pen, status sities keyboard, ci 

Features many keys, 8 i i g:, ts, rear pro- circle generat:)r, 
I arge characters si stence iec1 ion TN 1/0 texture control, 
are comp.selectabL: :.,a:;. tape I/O ji tter ,a II are optbns 

Space Requirement (cu. ft.) 100 12 64 30 

Weight (Ibs) 500 275 500 580 

Power Requirements (watts) 500 250 1K 1500 

Availability (mont,hs) 3 3 

Price 50K 25K 22K-35K 

Auxi II iary Equiprr.ents Char. Gen. 
~uffer for computer Char. Gen. 

interface Buffer 

: 
I 4-4x2 CRT's 3 minute electro- May be operated Price does not 

Remarks form 72 char. static storage. 2 off-line I inc I ude auxi II iary 
line. input channel s. eqpt. or opti :>ns 
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