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June 23, 1964 J. S. KILBY 3,138,743
MINIATURIZED ELECTRONIC CIRCUITS .
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Broadband |[F Amplifier
MMIC (0.5-4.0 GHz)

i Intermediate frequency amplifier from the Microwave and Millimeter-wave Monolithic Integrated Circuit (MIMIC) program
i ' Source: The MIMIC Program - A Retrospective, paper by Eliot D. Cohen. Authorized licensed use limited to: DARPA.
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DARPA Microwave and Millimeter-wave Monolithic Integrated Circuit (MIMIC) program
Source: The MIMIC Program - A Retrospective, paper by Eliot D. Cohen. Authorized licensed use limited to: DARPA.
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Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, Research and Development Laboratories, Fairchild Semiconductor

division of Fairchild Camera and Instrument Corp.

The future of integrated electronics is the future of ele machine instead of being concentrated in a central unit. In
ics itself. The advantages of integration will bring about a  addition, the improved rel s

proliferation of electronics, pushing this science into many  circuits will allow the construction of

new are Machir milar to th in existe

Integrated circuits will lead to such wonders as home  Jower ¢
computers—or at least terminals connected to a central com-
puter—automatic controls for automobiles, and personal
portable communications equipment. The electronic wrist-
watch needs only obef > today.

in the production of large

In telephone communications, integrated circuits
filters will separate channels on multiplex equip-
ircuits will also switch telephone circuits

nolo 5
well as any additional ones that result in electronics func-
tions supplied to the user as irreducible units. These tech-
ed in the 95 The ob-
] nics equipment to include in-
creasingly comp ectronic functions in limited space with
minimum w al approaches evolved, including
microassembly ic r individual components, thin-
film structures and semiconductor integrated circuits.
Each approach evolved rapidly and converged so that

anized
mple, memories built
»e distributed throughout the
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300 MM =—p

. One million
processing cores
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a two-mil square can also contain several kilohms of resi
tance or a few diodes. This allows at least 500 components
per linear inch or a quarter million per square inch. Thus,
65,000 components need occupy only about one-fourth a
square inch.

On the silicon wafer currently used, usually an inch or

more in diameter, there is ample room for such a structure if

the components can be closely packed with no space wasted
for interconnection patterns. This isrealistic, since efforts to
achieve a level of complexity above the presently available
integrated circuits are already underway using multilayer
metalization patterns separated by dielectric films. Such a
density of components can be achieved by present optical

techniques and does not require the more exotic techniques,
such as electron beam operations, which are being studied to

make even smaller structures.

Increasing the yield

There is no fundamental obstacle to achieving device
yields of 100%. At present, packaging costs so far exceed
the cost of the semiconductor structure itself that there is no
incentive to improve yields, but they can be raised as high as

Log 2 of the Number of Components
Per Integrated Function

is economically justified. No barrier exists comparable to
the thermodynamic equilibrium considerations that often limit
yields in chemical reactions; it is not even necessary to do
any fundamental research or to replace present processes.
Only the engineering effort is needed.

In the early days of integrated circuitry, when yields were
extremely low, there was such incentive. Today ordinary in-
tegrated circuits are made with yields comparable with those
obtained for individual semiconductor devices. The same
pattem will make larger arrays economical, if other consid-
erations make such arrays desirable.

Heat problem

Will it be possible to remove the heat generated by tens
of thousands of components in a single silicon chif

If we could shrink the volume of a standard high-speed
digital computer to that required for the components them-
selves, we would expect itto glow brightly with present power
dissipation. But it won’t happen with integrated circuits.
Since integrated electronic structures are two-dimensional,
they have a surface available for cooling close to each center
of heat generation. In addition, power is needed primarily to
drive the various lines and capacitances associated with the
system. As long as a function is confined to a small area on
a wafer, the amount of capacitance which must be drivaps®
distinctly limited. In fact, shrinking dimensige®®iian inte-
grated structure makes it possibleggs#’crate the structure at
nigher speed 1or tic Se il awer per unit area.
Day of reckoning

Clearly. we willdgg@i5ie to build such component-
Crammimcucquipment. Next, we ask under what circumstances
we should do it. The total cost of making a particular system
function must be minimized. To do so, we could amortiz
the engineering over several identical items, or evolve flex-
ible techniques for the engineering of large functions so that
no disproportionate expense need be borne by a particular
array. Perhaps newly devised design automation procedures
could translate from logic diagram to technological realiza-
tion without any special engineering.

It may prove to be more economical to bui

“Day of reckoning”

— Gordon Moore

Source: Electronics, Volume 38, Number 8, April 19, 1965
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The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, Research and Development Laboratories, Fairchild Semicon
d on of Fairchild Camera and Instrument Corp.

The future of integrated electronics is the future of electron-  machine instead of ) d in a central unit. In
d i i ill bring about a  addition, the imprc ible by i

sand with

Present and future
, and persona - N
; mn ed

ctronic w

vas to miniaturize electronics equipment to include in-
with

for individual components, thin-

in completely di s. Forexample, memories built onductor intes
°C C Ju

ated y be distributed throughout the

The auth

Dr. Gordon E. Moore is one of
the new breed of electronic
engineers, schooled in the X
ical sciences rather than in Improv
. He earned a B.S. ( :  such films d
degree in chemistry from the C
University of California and a
degree in physical L
chemistry from the California ment of acti
Institute of Technology. He was
one of the founders of Fairchild Both appmach
Semiconductor and has been
director of the research and
development laboratories since
1959,

films are developi

in equipment to

Electronics, Volume 38, Number 8, April 19, 1965




“It may prove more economical to build large
systems out of smaller functions, which are
separately packaged and interconnected.
The availability of large functions, combined with
functional design and construction, should allow
the manufacturer of large systems to design and
construct a considerable variety of equipment
both rapidly and economically.”

— Gordon Moore



Fab module construction cost
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Chip-design cost*
($ million)

65 40 28
Chup size, nanometers

*Major components include IP qualification, architecture, verification, physical, software, prototyping, and validation.
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October 4, 1957 February 7, 1958
U.S.S.R. beats U.S. to space with Sputnik “The purpose of this directive is to provide

satellite; U.S. should never again within the Department of Defense an agency

for the direction and performance of certain

be surprised by technology. advanced research and development projects.”
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ERI thrusts

Overcoming security Optimizing design and
threats across the entire test for complex circuits
hardware lifecycle and prototypes
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Manufacturing complex
3D microsystems









Source: nam.org Source: DARPA

Advanced 3D heterogeneous integration
(3DHI) microsystems prototypes

Next-Generation Microelectronics Manufacturing (NGMM) program
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Advanced SiGe electronics for
superior mixed-mode electronics

Technologies for Mixed-mode Ultra-Scaled Integrated Circuits (T-MUSIC) program

Distribution Statement A — Approved for public release. Distribution unlimited.



Pathfinding research in new computing
and communication technologies

Joint University Microelectronics Program (JUMP) 2.0 program
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Integrated lasers and amplifiers on
high-performance photonics platforms

Lasers for Universal Microscale Optical Systems (LUMQOS) program
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In-package optical signaling
through integration of nanophotonics

Photonics in the Package for Extreme Scalability (PIPES) program
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Cooling technologies to
support 3D integration

Miniature Thermal Management Systems for

Three-Dimensional Heterogeneous Integration (Minitherms3D) program
Distribution Statement A — Approved for public release. Distribution unlimited.



Optimizing design and test
for complex circuits









Source: Wikimedia Commons “Artificial fiction brain” CC BY-SA 3.0

Third wave Al techniques
using faster surrogate models

Intelligent Auto-Generation and Composition of Surrogate Models (DITTO) program
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Electronic design automation
that learns

Intelligent Design of Electronic Assets (IDEA) program
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Process
integration

Predictive advanced device simulation
for next-generation electronics

Predictive Nanoscale Simulation for the Terahertz (THz) Regime (NanoSim) program

Distribution Statement A — Approved for public release. Distribution unlimited.



Machine learning hardware
that adapts in real time
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for efficient design of complex chips

Posh Open-Source Hardware (POSH) program
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Overcoming security
threats across the entire
hardware lifecycle
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Source: federaltimes.com

Security-conscious design
for integrated circuits

Automatic Implementation of Secure Silicon (AISS) program
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Compartmentalize software systems
to prevent initial penetrations

Compartmentalization and Privilege Management (CPM) program
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Accelerators to enable
fully homomorphic encryption

Data Protection in Virtual Environments (DPRIVE) program
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Automated and scalable
cyber-physical analysis of systems
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Sa< Architectures for provable

privacy and security

Guaranteed Architecture for Physical Security (GAPS) program
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Integrated
Complex
System

Application

Operating System

Application Processor

Generate exploit chains to enable
offensive and defensive cyber operations
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Hardware security architectures
that are secure, scalable, and adaptable

System Security Through Hardware and Firmware (SSITH) program
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Developing electronics for
extreme environments
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Extreme high-temperature
sensors for high performance

High Operational Temperature Sensors (HOTS) program
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Radiation-tolerant switches for
low size, weight, and power space payloads

Space Power Conversion Electronics (SPCE) program
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Increasing information
processing efficiency
at the edge
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Power- and cost-efficient domain-specific
heterogeneous compute architectures

Source: mytechmag.com

Domain-Specific System-on-Chip (DSSoC) program
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Cryogenic operation to enable
high-performance computing at reduced power

Low Temperature Logic Technology (LTLT) program
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Power-efficient correlators
for signal processing



Source: D-Wave

inimize energy

Computational approaches
tom

Quantum-Inspired Classical Computing (QuUICC) program
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Fast, small, random, global memory access

across a flat, low-latency network



Hybrid quantum-classical
communication networks



PN Structured ASICs with reconfigurability
A and near-ASIC performance

A Structured Array Hardware for Automatically Realized Applications (SAHARA) program
ASIC: Application-specific integrated circuit
Distribution Statement A — Approved for public release. Distribution unlimited.



Reconfigurable HW architectures
and supporting SW development

>

0 Software-Defined Hardware (SDH) program
HW/SW: Hardware/software
Distribution Statement A — Approved for public release. Distribution unlimited.




Accelerating innovation in
artificial intelligence hardware
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PN Enable confidence in machine learning
AN for mission relevant problems

Enabling Confidence (EC) program
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New materials for
compute-in-memory

Foundations Required for Novel Compute (FRANC) program
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Source: tripwire.com

Applying bio-inspired Al
at the pixel level

In-Pixel Intelligent Processing (IP2) program
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=
=
O
—
o
0
0
[
i
T
©
<L

Logic & I/O

Source: DARPA

Fast, compact, power-efficient, and scalable
compute-in-memory accelerator

Optimum Processing Technology Inside Memory Array (OPTIMA) program
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Securing communications

Distribution Statement A — Approved for public release. Distribution unlimited.




£

Distribution Statemer




Source: DARPA

Compact radio frequency filters for AESA
resilience to interference

" COmpact Front-end Filters at the EIEment-level (COFFEE) program

AESA: Active electronically scanned array
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Source: DARPA

High-frequency millimeter wave arrays
achieved by 3D heterogeneous integration

Electronics for G-band Arrays (ELGAR) program

T
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Source: DARPA

Extremely low-noise radio frequency
synthesizer achieved with photonics

Generating Radio Frequency with Photonic Oscillators for Low Noise (GRYPHON) program

Distribution Statement A — Approved for public release. Distribution unlimited.



PN, Element-level millimeter wave,
= multi-beam digital phased arrays

Millimeter Wave Digital Arrays (MIDAS) program

Distribution Statement A — Approved for public release. Distribution unlimited.
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Source: army.mil

Radio frequency sensing using
quantum states of atoms

Quantum Apertures (QA) program
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Traveling-wave amplification
In solid state structures



Source: DARPA

Optical apertures that receive
signhals from any direction

Steerable Optical Aperture Receivers (SOAR) program
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Secure comms through spectral,
temporal, and spatial diversity

Wideband Secure and Protected Emitter and Receiver (WIiSPER) program
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Adaptive embedded control for
jamming and co-site mitigation

Wideband Adaptive Radio Frequency Protection (WARP) program
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THANK YOU

Distribution Statement A — Approved for public release. Distribution unlimited.



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	Slide Number 79
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Slide Number 84
	Slide Number 85
	Slide Number 86
	Slide Number 87
	Slide Number 88
	Slide Number 89
	Slide Number 90
	Slide Number 91
	Slide Number 92
	Slide Number 93

