(Design Technology)

2005 ITRS ITWG(International Technology Working Group)
(Overall Roadmap Technologies Characteristics)

2003 ITRS 2003
2005 —
IC
NRE(Non-recurring Expenses) 100
NRE NRE
LSI time-to-market
2003 ITRS ( ) 1
Figure 17
SOC-PE(SOC Power Efficient) 2005 1800
1993 2005 9
( Appendix )
80% LSI

2005
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2 ITRS
/
/ )
* ( /
)
* ( )
* ( NRE(Non-Recurring Engineering)
)
* ( )
* (
)
* (
)
1)
2) CMOS
3) 100%
(
LSI) 4 ( GOps/mW)
(
)
Time to market
SOC
(
Moore’s Law (Time to market)
)
* / SOC (
)
* SOC
”Law of Observed Functionality”
(T.Claasen, “The Logarithmic Law of Usefulness”,
Semiconductor International, July 1998 ) System Drivers MPU
( )
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Table 12 Overall Design Technology Challenges
Challenges 232 nm Summary of Issues
Design productivity System level: high level of abstraction (HW/SW) functionality spec, platform based

design, multi-processor programmability, system integration, AMS
co-design and automation

Verification: executable specification, ESL formal verification, intelligent testbench,
coverage-based verification

Logic/circuit/layout: analog circuit synthesis, multi-objective optimization

Power consumption

Logic/circuit/layout: dynamic and static (leakage), system and circuit, power

optimization
Manufacturability Performance/power variability, device parameter variability, lithography limitations
impact on design, mask cost, quality of (process) models
ATE interface test (multi-Gb/s), mixed-signal test, delay BIST, test-volume-reducing
DFT
Reliability Logic/circuit/layout: MTTF-aware design, BISR, soft-error correction
Interference Logic/circuit/layout: signal integrity analysis, EMI analysis, thermal analysis
Challenges <32 nm Summary of Issues
Design productivity Complete formal verification of designs, complete verification code reuse, complete

deployment of functional coverage
Tools specific for SOI and non-static-logic, and emerging devices
Cost-driven design flow

Heterogeneous component integration (optical, mechanical, chemical, bio, etc.)

Power consumption

SOI power management

Manufacturability Uncontrollable threshold voltage variability
Advanced analog/mixed signal DFT (digital, structural, radio), “‘statistical” and
yield-improvement DFT
Thermal BIST, system-level BIST
Reliability Autonomic computing, robust design, SW reliability
Interference Interactions between heterogeneous components (optical, mechanical, chemical, bio,

etc.)

ATE—automatic test equipment
EMI—electromagnetic interference
MTTF—mean time to failure

BISR—built-in self repair
ESL—Electronic System-level Design
SOI—silicon on insulator

BIST—built-in self test DFT—design for test
HW/SW—hardware/sofiware

EDA 5
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1) 2) 3) 4) 5)
(Potential Solutions)

4
1
2 (
AMS(Analog Mixed Signal)RF ) 2
1) (
) 2)
3) SOC
4) MPU
5) SOC AMS
(AMS)
NRE NRE
2
CMOS

1) HP(High Performance)
MPU

250W/cm’ SOC-LP(Low Power and
low cost) PDA

Table12
2)
(
IR )

ATE(Automatic Test Equipment)
3) Vit

Tox vdd

4)
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(Red bricks)
ITRS
( )
1)
)
(ATPG(Automatic Test Pattern Generation)
2)
3) PIDS(Process Integration, Devices and Structures)
CD (Critical Dimension Control)
(
)
4) NRE
4
100nm
/
SOC
)
IR
5
1) 90nm ( )
2) ( )

3) “non-catastrophic”
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Figurel7
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Figurel7

yield-driven layout

65nm

RTL

RTL
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N\, Past (250-180nm) Present (130-90nm) Future (65nm -)

System System W =\
Design Model System ) System System ) System
Design “— Model Design " Model
o
° \
5 SPEC
HW/SW Perf. +
I - del SPEC
Optimization ode HW/SW
- K
\ + \ Cockpit
sSw RTL SwW Sw 2
RTL \ sw opt
+ Opt L Analyze
Comm. Perf.
Synthesis Timing
+ Timing Analysis Hw/Sw Power
+ Placement Opt Data Noise
Model
Cockpit Jcst
= Mfg.
Repositor:
other
Analyze +
Place/Wire MASKS

+ Timing Analysis

+ Logic Opt ® Multiple design files are converged into one efficient Data Model
o > ® Disk accesses are eliminated in critical methodology loops
® Verification of function, performance, testability and other design
“ criteria all move to earlier, higher levels of abstraction followed by
= Equivalence checking
= Assertion-driven design optimizations
MASKS ® |ndustry standard interfaces for data access and control
® Incremental modular tools for optimization and analysis
Table 18  Required Evolution of Design System Architecture
Table
18
1
RT
“transaction-level” RTL
2
RTL
transaction-level
cycle-accurate
RT-
RTL
3
self-test RT

Transaction-level

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



10

*

RTL
Figurel7
RTL
Figure 19b
50
HW/SW
2003
20
HW SwW
RTL

HW SwW

2

intellectual-property IP
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IP

SOC
SOC
IP
HW-SW HW-SW
HW SW
“SW-Sw” SW
80-95 SOC

C C++ Java SystemC

SystemC
RTL
Figure 192 19b Figure 19a
Figure 19a RTL
RTL Figure 19b 2007
RTL
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Design Flow RTL Synthesis
(2004)

e e ssis

| FuII/SemiAutomated| [ System Requirement Specification ]

[ Files, Docu ments}

Hardware Development —

v

SW Specification ]
; ]
Micro Architecture Design (Block Partition) .
- Verification :
T e
[ Behavior Models & Constraints ] Software

v
{ RTL Models & Constraints

:
Logical & Physical Design

Figure 19a RTL Synthesis for Design Flow in Year 2004

¥ | Development
i RTL Synthesis !

Co -Synthesis (2007)

{ System Requirement Specification ]
| FuII/Sem'rAutomated| 3

_ System Function Design
; - Verification
[ Files, Documents}

A 4

[System Behavior Model, Design Constraint ]
| > 2

HW/SW Co  -Synthesis

Hardware Development I
______ ]

A

[ Behavior Models & Constraints ] { SW Source Code
| { g —

i RTL Synthesis

i 7 i Software
[RTL Models & Constraints ]4—'_’ Development

; ) i

Logic design & Physical Design —»[ Mask Data ]

Figure 19b Design Flow in Year 2007
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HW-SW —
Figurel9 2007
HW-SW 1 « ”?
2 1
RISC SW
2 /
HW Sw HW
90 95
HW-SW
HW SWwW
Table 13
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Table 13a

System Level Design Requirements—Near-term Years

Year of Production

2005

2006

2007

2008

2009

2010

2011

2012

2013

DRAM % Pitch nm  contacted

80

70

65

57

50

45

40

36

32

Design Reuse

Design block reuse [1]
% to all logic size

32%

33%

35%

36%

38%

40%

41%

42%

44%

Platform Based Design

Available platforms [2]
Normalized to 100% in the start year

[3]

96%

88%

83%

83%

75%

67%

Platforms supported [4]
% of platforms fully supported by
tools [5]

3%

6%

10%

25%

35%

High Level Synthesis

Accuracy of high level estimates
performance, area, power, costs [6]
% versus measurements

53%

56%

60%

63%

66%

Reconfigurability

60%

55%

50%

SOC reconfigurability [7]
% of SOC functionality
reconfigurable

23%

26%

28%

28%

30%

35%

38%

40%

42%

Analog/Mixed Signal

Analog automation [8]
% versus digital automation [9]

12%

14%

17%

17%

24%

24%

Modeling methodology, description
languages, and simulation environments
[10]
% versus digital methodology [11]
[12]

53%

55%

58%

60%

62%
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Table 13b System Level Design Requirements—Long-term Years
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch  nm  contacted 28 25 22 20 18 16 14
Design Reuse
Design block reuse [1]
o .. 46% 48% 49% 51% 52% 54% 55%
% to all logic size
Platform Based Design
Available platforms [2] 46% 43% 42% 39% 369 33% 32%
Normalized to 100% in the start year [3] ? ° ° ° ° ? ?
Platforms supported [4]
% of platforms fully supported by tools 80% 85% 90% 92% 94% 95%
[5]
High Level Synthesis

Accuracy of high level estimates
performance, area, power, costs  [6]
% versus measurements
Reconfigurability

83%

86%

90%

92%

94%

95%

Modeling methodology, description
languages, and simulation environments
[10]

% versus digital methodology [11][12]

76%

78%

80%

83%

86%

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known |4
Manufacturable solutions are NOT known

Tablel3a b
(1]

reuse n =1- 1-—reuse - 1 +pgrowth "n/
reuse:
pgrowth
cgrowth
2]
SOHO

1 +cgrowth “n

SOC reconﬁgurablhty [7] 45% 48% 50% 53% 56% 60% 62%
% of SOC functionality reconfigurable

Analog/Mixed Signal

Analog automation [8
o & .. [8] . 35% 38% 40% 43% 46% 50% 52%
% versus digital automation [9]

90%

SOC - PE
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/ HW/SW / / /
HW SW HW /SW
[5]
[6]
IC
[7]
SOC SW HW
(8]
/
[9]
[10]
[11]
[12] 2004
Figure 20
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2007 2010 2013 2016 2019
| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021

DRAM 1/2 Pitch

65nm 45nm 32nm 22nm 16nm

System-level component reuse

Chip-package co-design
methods

Improved system-level power
estimation techniques

On-chip network design methods
Mixed-signal/RF verification

Automated interface synthesis

HW-SW co-design and
verification

Multi-fabric implementation
planning (AMS, RF, MEMS, ...)

- 1l 1l [
A AN

R \ \ AN

NOlODmsrsrshh h HHimm)NyY

e J 1
A AR
A \ NN

| ] “
L MUY

Bl Rescarch Required [ Development Underway [____| Qualification/Pre-Production SN Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

MEMS—micro-electron mechanical systems

Figure 20

Table 14

System Level Design Potential Solutions

Table 13 Figure 20
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Table 14 Correspondence between Requirements and Solutions

The larger and more complex the components that
System-level component .
can be reused, the larger the overall design reuse
reuse
expected to be.
. Standardized communication structures and
Design block reuse . . . .
. . interfaces support reuse, since IPs with standardized
On-chip network design . o
methods interfaces can be easily integrated and exchanged,
and also the communication structure itself is
reused.
Enables to integrate different fabrics on the same
Multi-fabric implementation | die or in the same package SIP , and, hence,
Auvailable platforms planning AMS, RF, should enable to reduce the absolute number of
MEMS, ... platforms, since what needed different platforms
before could now be integrated on one.
Automated interface synthesis Autorpated interface syI.lthes1s is one building block
Platforms supported to an integrated synthesis flow for whole platforms.
Automated HW-SW An obvious requirement for an integrated,
co-design and verification platform-based system development approach
While area and performance estimation on higher
levels has already been a topic for several years and
Improved system-level power .
estimation techniques made some progress, system-level power estimation
Accuracy of high level is a rather innovative but important topic and has to
estimates catch up.
Chip-package co-design Allows taking e':ff'ects F)f packaging, for 1n'stan'ce
impact on the timing, into account for estimations
methods .
on higher levels.
. On-chip network design On-chip networks are flexible and reconfigurable
SOC reconfigurability methods communication structures.
Multi-fabric implementation | Multi-fabric implementation planning for AMS and
Analog automation planning AMS, RF, RF components seems to be one building block to
MEMS, ... analog automation.
Modelling methodology, As for digital demgp, Vegﬁcgtlgn is of major
.. . . e importance and verification is increasingly the most
description languages, and Mixed-signal/RF verification | . . . O
. . ; important and most time-consuming activity in the
simulation environments .
design flow.

IC

GDSII

(  RT
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(
) backplane
DT
Tablel5
Figure21
— IC
GALS(globally asynchronous locally synchronous)
GALS
self-timed wrapper
— EDA ASIC(application-specific integrated circuit)

DSM data storage management

Tablel5

parametric uncertainty

first-time-right
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3. — VLSI RC
DSM
4. —
MFFT(manufacturability for fault tolerance)
MFFT
5 — IC
10
6. — 1
AMS
7.
8. / —
ITRS
9. —
0.1
ITRS
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Table 15a Logic/Circuit/Physical Design Technology Requirements—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ?: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Asynchronous global signaling

% of a design driven by handshake clocking 5% 5% % 11% 15% 17% 19% 20% 22%
Parameter uncertainty

Yosfiot (on Signoff delzy) 5% | 6% | 6% | 8% | 10% | 11% | 1% | 12% | 14%
Simultaneous analysis objectives

# of objectives during optimization 4 4 4 5 6 6 6 6
MTTF contribution

reliability actor 1 11 12 13 14 16 17 18 19
Circuit families

# of circuit families in a single design 2 2 3 3 4 4 4 4 4
Analog content synthesized o o . . o o 5 5 o

% of a design 10% 13% 15% 16% 17% 18% 19% 20% 23%
Leakage

# times per device 2 3 4 6 8 95 1 12 14

Table 15b Logic/Circuit/Physical Design Technology Requirements—Long-term Years
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥ Pitch (nm)(contacted) 28 25 22 20 18 16 14

Asynchronous global signaling

25%

30%

% of a design driven by handshake clocking

Parameter uncertainty
Yo-effect (on sign-off delay)

20%

Simultaneous analysis objectives

# of objectives during optimization
MTTF contribution

reliability factor
Circuit families

# of circuit families in a single design

Analog content synthesized
% of a design

Leakage
# times per device

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

30%

20%

30%

20%

35%

22%

16 24 32 32 32 32 3

40%

25%

2
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2007
2005 2006 |

2010
2008 2009 |

2013
2011 2012 |

2016
2014 2015 |

2019

2017 2018 | 2020 2021

DRAM 1/2 Pitch

65nm 45nm 32nm 22nm 16nm

Synthesis and timing accounting
for variability

Curcuit/layout enhancement
accounting for variability

Macro/chip leakage analysis

Power management analysis &
logic insertion SOI SoC tools

Analog synthesis (circuit/layout)
Non-static logic implementation
Cost-driven implementation flow
Implementation tools for sensors
Platform-specific tools

Fully incremental analysis

Tt

I

DN

[
Y
TN

Il Research Required

Figure 21

I Development Underway [__1 Qualification/Pre-Production

RS cContinuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Logical/Circuit/Physical Design Potential Solutions
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Tablel6

Table 16a Design Verification Requirements—Near-term

Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013

DRAM 7 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32

Productivity

SOC logic size verified Mtx* per
engineer-year 47 6.1 80 105 181 | 238 | 312 | 411
(based on a ten-engineer team)
Methodology

% bugs found by formal and
semi-formal verification technology 0.0 2.7 53 8.0 10.7 133 16.0 18.7 213
(versus simulation)

% verification effort spent on verification of
integrated SW / HW / electrical effects

% design specification formalized for
verifiability

Reuse

% new verification development (versus IP
and reuse)

% verification infrastructure acquired from
third parties (verification IP)

Functional coverage

% project verified through functional
coverage

Coverage goal density (goals / Mtx* of logic)| 667 1022 1378 1733 2089 2444 2800 3156 3511

0.0 0.0 0.1 0.1 0.1 0.1 02 | 02 | o2

0.1 0.1 0.2 0.2 0.3 0.3 0.3 04 04

0.8 0.8 0.7 0.7 0.7 0.6 0.6 0.6 05

0.1 0.1 0.2 0.2 0.3 0.3 0.3 0.4 0.4

40.0 43.7 47.3 51.0 54.7 58.3 62.0 65.7 69.3

* Mtx = millions of transistors

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known _
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Table 16b Design Verification Requirements—Long-term

Year of Production 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
DRAM 2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
Productivity

SOC logic size verified Mtx* per
engineer-year

(based on a ten-engineer team)
Methodology

% bugs found by formal and semi-formal
verification technology

(versus simulation)

% verification effort spent on verification of
integrated SW / HW / electrical effects

% design specification formalized for
verifiability

Reuse

% new verification development (versus IP
and reuse)

% verification infrastructure acquired from
third parties (verification IP)

Functional coverage

% project verified through functional
coverage

Coverage goal density (goals / Mtx* of logic)

* Mtx = millions of transistors

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known _

( P ) 3
2 Reuse 3
2 (Functional Coverage)
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SOC MPU

Technology

Formal Verification

Semi-formal
verification

Simulation-based

=
.
methods [

Emulation/ I

rapid prototyping
Silicon prototype I

Module Sub-system System Application
software

Figure 22 Current Verification Tool Landscape

( ) — Figure?22
”Conventional Simulation( )’
”Formal Verification ( )’
”Semi-formal ( )’
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SOC

IP

IP
IP

IP
IP
IP

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



29

(D
@)

)

1P

MPU

MPU

2007

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



30

ATPG

RTL

RTL

VLSI

SPICE

MEMS
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Figure 23
2010 2013 2016 2019
2008 2009 | 011 202 | 2044 2015 | 2017 2018 | 2020 2021
DRAM 12 Fiioh

A5nm 32nm Z2nm 1&nm

erification |Pireuse

Hierarchical werification
methodology

Integrated hw/embedded sw
verification solutions

Design for verifiability
SimulationVerification for

detection/comection of soft
failures/manufacturing faulis

Scalablefreusable methodology
for functional coverage

Simultaneous hw'sw verification

Design specification for
verifiability

erification of analog/mixed
signals

I Feceorcn Regured B Devslopment Undersay | | Qualficasor'Fre-Froducion  SEESE Continuous Improvemesnt

This lepend indicabes the tme during which research, development, and qualScation/pre-production should be Eaking place for the solution.

IP

SOC

MPU

Design Verification Potential Solutions

IP
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SOC SIP DFT Design for Test
DSP PE SOC RF MPU
DFT BIST
DFT
SOC  SIP
DFT
Table 17 DFT Figure 24 DFT 4
/RF MPU/PE/DSP SOC/SIP
1 RF RF
/O
5GHz RF
5GHz
10GHz
10-30GHz
/o GHz /o
Gbit/
vdd  1/10 ATE MHz
I/O /o
ATE
e
RF DFT
DFT
DFT
Pass/Fail
RF ATE
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Table 17a Design for Test Technology Requirements—Near-term Years
Year of Production 2005 2006 | 2007 | 2008 2009 2010 2011 2012 2013
DRAM ?: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32

System Driver: Analog/Mixed-signal/RF

1. All-digital DFT for analog/mixed-signal/RF
circuits and systems

% digital circuits in DFT implementations

2. Correlation of DFT results with existing
specification-based test methods.
% results correlated
3. Auvailability of fault/defect models for

DFT-oriented test methods.
% AMS/RF blocks with accepted fault models

System Drivers: MPU/PE/DSP/

1. DFT coverage of digital blocks or
subsystems.

% blocks with DFT

60

60

70

70

70

75

75

2. DFT for delay test of critical paths.

% paths covered

50

50

55

55

60

60

60

60

3. DFT for fault tolerance in logic blocks.

% blocks with fault tolerance

40

40

40

40

45

45

50

50

System Drivers: Memories

1. DFT for yield improvement.

85

85

90

90

90

90

95

General SOC/SIP requirements

L. DFT-support for logic and other circuit
repair (except memory).

% blocks with repair

50

50

50

60

60

60

70

2. DFT re-use for performance calibration,
and measurement purposes.

% DFT circuits re-used

30

30

89

35

40

40

40

3. DFT impact on system performance (noise,
power, sensitivity, bandwidth, etc.).

% performance impact (aggregate figure of
merit)

15

15

15

15

10

10

10

70

4. DFT efficacy in test volume reduction.

reduction magnitude

2%

2%

Bx

B5x

Bx

10x

10x%

S. DFT / ATE interface standard, including
DFT control via standard test access
protocols.

% of test interface standardized

40

40

45

45

50

50

60

60

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known
Manufacturable solutions are NOT known
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Table 17b Design for Test Technology Requirements—Long-term Years
Year of Production 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
DRAM Y Pitch (nm)(contacted) 28 25 22 20 18 16 14

System Driver: Analog/Mixed-signal/RF

L. All-digital DFT for
analog/mixed-signal/RF circuits and
systems.

% digital circuits in DFT implementations

2. Correlation of DFT results with existing
specification-based test methods.

% results correlated

3. Availability of fault/defect models for
DFT-oriented test methods.

% % AMS/RF blocks with accepted fault

models
System Drivers: MPU/PE/DSP/
1. DFT coverage of digital blocks or
subsystems. % blocks with DFT - _ - = = — =
2. DFT for delay test of critical paths.
ordeay et ot il pats 70 70 80 80 90 9% 100
% paths covered
3. DFT for fault tolerance in logic blocks.
. 55 60 65 70 80 90 100
% blocks with fault tolerance
System Drivers: Memory
1. DFT for yield improvement. %5 [ 95 98 98 98 100 100
General SOC/SIP requirements
1. DFT-support for logic and other circuit
repair (except memory).
% blocks with repair
2. DFT re-use for performance calibration,
and measurement purposes.

% DFT circuits re-used

3. DFT impact on system performance
(noise, power, sensitivity, bandwidth, etc.).

% performance impact (aggregate figure of
merit)

4. DFT efficacy in test volume reduction.

reduction magnitude

5. DFT / ATE interface standard, including
DEFT control via standard test access
protocols.

% of test interface standardized

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005




EDA

SOC  SIP
DFT
PLL BIST BIST
DFT
RF DFT
DFT
DFT
CAD
DFT
2
DFT
RF
2 MPU PE DSP
RF
MPU/PE/DSP/
ATE
DFT
DFT
DFT  BIST
DFT BIST

GHz

DFT

DFT

35

DFT

RF
RF
DFT
DFT
DFT DFT
RF  DFT
DFT  BIST
DFT  BIST IDDx
10 DFT
DFT
DFT BIST
SOC  SIP

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



36

2007 2010 2013 2016 2019

2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm

SYSTEM DRIVER: ANALOG/
MIXED-SIGNAL/RF

1. All-digital DFT methods sty

2. Structurally-based DFT - J ./ [ | [ |

methods T TN
I ,

3. Radio wrappers for SOCs AN

SYSTEM DRIVERS:

MPU/PE/DSP

1. Delay BIST methods M

2. Alternative digital BIST

methods using IDDX, thermal IS

text, etc.

3. System-wide digital BIST
architectures

SYSTEM DRIVERS:
MEMORY

1. Memory BIST for yield
enhancement

GENERAL SOC/SIP
REQUIREMENTS

I
I
1. Test generation tools and
integrated DFT methods for
functional, parametric, and )it
defect based tests
I
I

2. Hierarchical DFT methods
and tools for fault tolerance,
performance calibration, and
yield improvement

3. Simulation models and tools
for predicting DFT impact on
system performance

4. Statistical methods for [ | OO,

coverage monitoring

R

D e Sl | N T S MM

definitions

B Rescarch Required I Development Underway [___] Qualification/Pre-Production TSN Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 24 Design for Test Potential Solutions

DFT
DFT BIST

DFT/BIST
DFT/BIST
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DFT/BIST

DFT/BIST
DFT/BIST
3
DFT BIST
SOC
DFT
DFT/BIST
4 SOC  SIP
DFT
SRAM DRAM
RF RAN
ASIC MPU
DFT
DFT/BIST
DFT
DFT DFT/BIST
DFT
ATE
DFT BIST
RF DFT
DFT
DFT DFT
DFT
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DFT
DFT
DFT
SOC  SIP
SRAM DRAM RF
ATE
SOC RAM
ATE
SOC SOC
/o
DFT BIST
SOC RF
DFT  BIST SOC
DFT /O
DFT RF
SOC  SIP DFT
DFT DFT
DFT
DFT DFT SOC/SIP
2006 2
RF
ATE DFT BIST ATE
DFT ATE
DFT ATE
IEEE1149.1, 1149.4, 1450, 1500
DFT/ATE DFT ATE
SOC/SIP  DFT/BIST
SOC  SIP
DFT/BIST
RF

IEEE Std 1149.1,IEEE Standard Test Access Port and Boundary-Scan Architecture

IEEE P1450.6, Draft Standard for Standard Test Interface Language(STIL) for Digital Test Vector Data—Core Test
Language(CTL)

IEEE Std 1500-2005, IEEE Standard Testability Method for Embedded Core-based Integrated Circuits.
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DFT/BIST
DFT/BIST
DFT/BIST DFT/BIST
DFT/BIST
DFT/BIST DFT/BIST
ATE
SOC/SIP
DFT/BIST
ATE
Design For Manufacturability (DFM)
1.
2. )
2
1)
2)
3.
2 3
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2 RET(resolution
enhancement techniques:
RET OPC  CMP(
GDS
(RTL2GDS) RET OPC
CMP
MDP) OPC
4. ” ”
RET DFM
DFM
( )
/
Table 18 DFM Figure 25

DFM
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Table 18a Design-for-Manufacturability—Near-term Years
Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | Driver
DRAM Y% Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Mask cost ($m) socC
1. 22 X 4, I . 12. 18. 24,
from publicly available data 5 30 5 60 90 0 80 0
% V4q Variabili
° Vaa Variabillty o 0% | 10% | 10% | 10% | 10% | 10% | 100 | 1006 | 1006 | SO€
% variability seen at on-chip circuits
% Vi iabili
oVavanabity 2u% | 29% | ;% | 3% | 0% | 409% | 40% | se% | sswe | SOC
Doping Variability impact on VTH
% Vi abili
© Vi varbiiy 26% | 20% | 38% | 37% | 4% | 4% | 42% | 5% soc
Includes all sources
% CD variability ) ) ) ) ) ) 5 ) ) soC
. . 10% 10% 10% 10% 10% 10% 10% 10% 10%
CD for now, might add doping later
% circuit performance variability p P o P P
circuit comprising gates and wires ? ? ? ? ?
% circuit power variability
55% 55% 56% 57% 57%
circuit comprising gates and wires
Table 18b Design-for-Manufacturability—Long-term Years
Year of Production 2014 2015 2016 2017 2018 2019 2020 | Driver
DRAM ¥ Pitch (nm)(contacted) 28 25 22 20 18 16 14
Mask cost ($m)
X 48, 72. I 144, 192, 288.
from publicly available data 360 80 0 9.0 0 920 880 Soc
% V4q Variabili
© Vaa Yanabity o 0% | 10% | 10% | 10% | 10% | 10% | 10% | SOC
% variability seen at on-chip circuits
% Vi iabili
oVivanabilly 81% | 81% | 81% | 81% | 112% | 112% | 112% | SOC
Doping Variability impact on VTH
% Vi, variability 115% 115% soc
Includes all sources - -
% CD variability
10% 10% 10% 10% 10% 10% 10%
CD for now, might add doping later ? ? ? ? 0 ? 0 S0C
% circuit performance variability
circuit comprising gates and wires Soc
% circuit power variability
circuit comprising gates and wires soc
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known €
Manufacturable solutions are NOT known _
DFM
CD(Critical Dimension) (
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(
CD 7
DFM Figure25
DFM
DFM
DFM
1
3
1)
2) (ECC)
DFM
1
2

manufacturing friendly ”
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2007
2005 2006 |

2010
2008 2009 |

2013
2011 2012 |

2016
2014 2015 |

2019

2017 2018 | 2020 2021

DRAM 1/2 Pitch

65nm 45nm 32nm 22nm 16nm

Tools that account for mask cost
in their algorithms

RET tools that are aware of circuit
metrics (timing, power)

Radically-restricted rules (grid-like
layouts, no diagonals, etc.)

Statistical analysis and opt. tools
and flows (Vdd, T, Vth)

Statistical leakage analysis and
optimization tools

Architectures resistant to
variability (redundancy, ECC)

Adaptable and redundant circuits
(e.g., links chip that adapts to
channel quality)

Post-tapeout RET interacting with
synthesis, timing, P&R

Model-based physical verification

Model-based physical synthesis

Manufacturing-friendly design
rules (hard rules)

Router-friendly standard cells

Tools that consider both
systematic and random yield loss

T Y

A ) i nNIIIMEEITETBTeeR s

[ I Hiimmmmimmmmmmety

|
NN

T LT
EenniEEEEEEREEE
!&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\’

- ¢ 1 1
. A rrshhhhhhhrh”h M
o
[ T
RN
) ) hih il .
N

-/ | | [ [

Il Research Required

Figure 25

2010

(AMS)

) Vlow” (Vss +

(

I Development Underway 1 Qualification/Pre-Production

RS continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Design for Manufacturability Potential Solutions

5 2008

DFM

10

DFM

RF
“high” (Vdd —

high RF

RF
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(IR

SOC

@)

100um

(migration)

N C))

2005
Cu 1
25D
100x100um

FDTD finite difference time domain

RF
RF
RF
RF
SOC RF
time-to-market
EDA RF
AMS
(1) (13 7
(3) (13
%) MEMS
1GH
130nm CMOS 43GH VCO(
Sum 10um
83pH Q 35
10GH ( A 100GH 3mm )
1GH
MEMS 2D 3D

10
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(order reduction methods)

10 2 4
CAD
AMS RF
AMS
SOC
4
GHz 1 GHz 100
AMS RF
SOC
retarget 1P PLL
( )
Q
( )
AMS RF
AMS 2 2
AMS
MEMS
Table 19 2009 AMS 2005
3 MEDEA+ Design Automation Roadmap AMS
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Table 19  Near-term Breakthroughs in Design Technology for AMS

Field of Breakthrough 2005 State-of-the-Art 2006/07 2008/09
Specification, Established AMS Hardware Multi-language support, Complete specification-driven design flow;
validation, Description AMS extension of some specialized formal
verification Languages HW/SW description verification methods
languages for full system
simulation
Architectural design Algorithm-oriented design Language-based performance Synthesizeable AMS description;
(e.g., with evaluation; closer power-aware HW/SW
Matlab/Simulink) coupling of architectural, partitioning extended to AMS
block, and circuit level systems
Physical mixed A/D Procedural layout generation, | Module generators for often Synthesis: behavior to layout (at least for the
and RF design module generators re-used blocks, most important building blocks)
for a few block design centering,
types performance estimation
Parasitics extraction, Electromagnetic immunity 2D/3D model-based New fault-tolerant circuit architectures,
automated modeling, simulation works order reduction for robustness against technology
accelerated simulation but is too interconnect systems and parameter variations; order
complicated for substrate effects on chip, reduction for all kinds of
broad usage thermal package parasitics and antennas
modeling
SOC
/
DFT/BIST
14-16 bit ADC 1-5GHz RF
ADC
(mash ) DFT
PIDS CMOS 2-3
AMS
AMS
°
.
.
.
J /RF
°
. 1P
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Table 20 Additional Design Technology Requirements

Year of Production 2005 2006 2007 2008 2009 2012 2015 2018 Driver
DRAM ; Pitch (nm) 80 70 65 57 50 36 25 18
SOC new design cycle (months) 12 12 12 12 11 11 10 9 SOC
SOC logic Mtx per designer-year
(10-person team) 33 43 54 [ SOC
SOC dynamic power reduction beyond
scaling (X) 0.1 0.2 0.2 0.2 SOC
SOC standby power reduction beyond
scaling (X) 24 34 51 6.4 SOC
% Test covered by BIST 25 30 35 40 MPU,
SOC
Mutx—Million transistors
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known | €
Manufacturable solutions are NOT known !
1 23
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Vdd, T

DFM
(VRF: Variability Roadmap Framework)  Figure26
TWG 3
*
*
Vth loff
*
(Le) (Na)
= Abstraction level
/\. - 1. Circuit/chip Whemomssolll Timing, power
/\ — 2. Device o—||:1, Vi, loff
_A_ -~ 3. Physical O=Q Le, NA
Figure 26 Possible Variability Abstraction Levels
Aoutputs = model (4 inputs) [1]
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10% CD
CD

R&D
systems-on-a-chip(SOC)

hip/circuit/physical design

hip integration

§Verificati0n, test

§SW development

................... Development R&D

DA integration & support

anufacturing

epreciation/amortization

arketing, sales

General, administrative

aintenance, service

¢ Financial

Figure 27  Simplified Electronics Product

Development Cost Model
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Figure 27 (
/ ;
; ;EDA ;
( )
2 DT
DT
( )
) 1
DesignLaborCost = LaborUnitCost x DesignComplexity
Designer Pr oductivity
DT DT
ITRS Design ITWG /
DT 1990
4K ( =16K )
DT
( ) 1990
39.6% (
) 1990 250 2005 8 1990
GTX ( 1990
181,568 ) 5%
GTX
EDA 3.9% ( 1990
$99,301 ) EDA

EDAUnitCost x DesignComplexity
Designer Productivity

EDAlInfrastructureCost =

EDA
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Table 21  Design Technology Improvements and Impact on Designer Productivity
... | Productivi Cost o,
Productivit ty 4 L
DT Improvement Year Delta (Gates/Desi Component Description of Improvement
Y gn-Year) Affected
None 1990 4K
In-house place and route 1993 +38.9% 5.55K PD Automated block placement and routing.
Integration
hin/circuit/PD Engineer than can pursue all required tasks to
Engineer 1995 +63.6% 9.09K Chip/ciroui complete a design block, from RTL
Verification
to GDSIL
Reuse—small blocks 1997 +340% 40K CircuitPD Blocks from 2,500-74,999 gates.
Verification
Chip/circuit/PD
Reuse—Ilarge blocks 1999 +38.9% 56K Integration Blocks from 75,000-1M gates.
Verification
Chip/circuit/PD Tightly integrated tool set that goes from RTL
IC implementation suite 2001 +63.6% 91K Integration synthesis to GDSII through IC place
EDA support and route.
RTL verification tool (“cockpit”) that takes an
ES-level description and partitions it
RTL functional o SW development into verifiable blocks, then executes
verification tool suite AL st L Verification verification tools on the blocks,
while tracking and reporting code
coverage.
Level above RTL, including both HW and SW
design. It consists of a behavioral
. (where the system function has not
E]éesc;romlc syst}elrr(li-lelvel 2005 +60% 200K S\K(]d§¥eloPment been partitioned) and an
20 T Pt (8 T Sphcauy architectural level (where HW and
SW are identified and handed off to
design teams).
o Chip/circuit/PD -5
Very large block reuse 2007 +200% 600K N Blocks >1M gates; intellectual-property cores
Verification
. Many identical cores provide specialized
Homogeneous parallel o Chlp/C.ll‘Cult/PD processing around a main processor,
processing 2009 il 002000 1200K De;1fgn apd which allows for performance,
Vesification power efficiency, and high reuse
Chip/circuit/PD Like RTL verification tool suite, but also with
Intelligent test bench 2011 37.5% 2400K \;p .C}rcut‘. automation of the Verification
erfication Partitioning step.
Concurrent software o Cipewd] El;ctronic Enables compilation and SW development in
compiler 2013 60% 3300K Systempemgn and highly parallel processing SOCs
Verification
Svstem Electroni Each of the specialized cores around the main
; ystem Electronic . o
Heterogeneous massive o . processor is not identical from the
parallel processing 20 AL S \13 es.lt,‘gn ;ti,nd programming and implementation
erification standpoint
Svstem Electroni Automates true electronic system design on-
System-level DA and 2017- . ystem Llectronic and off-chip for the first time,
executable specification 19 ALl HIRILS \13 es.lt‘.gn ?nd including heterogenous
erification technologies.
Total +264,000%
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Figure 16 power-efficient System-on-Chip ( SOC-PE )
DT SOC-PE 2005 6.5M
SOC ( ) $20M 1993 200
6 DT 2003 SOC $900M
WG1 ( STRJ-WG1 ) 2001 ITRS
1999 ( ) 360K ( 720K ) /

(12 )
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