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Technology  trend
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Limit of Miniturization

Conventional I-V curve at 0.04µm (Even down to 0.014µm)　　　　

0.04µm MOSFET
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M. Ono, M. Saito, T. Yoshitomi, C. Fiegna, T. Ohguro, and H. Iwai, "Sub-50nm gate Length N-
MOSFETs with 10 nm Phosphorus Source and Drain Junctions", IEDM Technical Digest, pp. 119 -
122, 1993.
H. Kawaura, T. Sakamoto, Y. Ochiai, J. Fujita, and T. Baba, "Fabrication and Characterization of 
14-nm-Gate-Length EJ-MOSFETs", Extended Abstracts of SSDM, pp.572-573, 1997.



T.Sakurai

Scaling Law

Drain Source

Gate

0.2micron

Drain Source
Gate

0.2micronSize 1/2

Size x1/2
Voltage x1/2
Electric Field x1
Speed x3
Cost x1/4

Power density x1.6
RC delay/Tr. delay x3.2
Current density x1.6
Voltage noise x3.2
Design complexity x4

Favorable effects Unfavorable effects
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Three crises in VLSI designs

Power crisis

Interconnection crisis

Complexity crisis
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Ever Increasing VLSI Power
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VDD, power and current trend
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Power & Delay Dependence on VDD & VTH

Power : P = pt •fCLK •CL •VDD +   I0 •10      •VDD 
2
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Controlling VDD and VTH for low power
Low power →→→→ Low VDD →→→→ Low speed →→→→ Low 
VTH →→→→ High leakage →→→→ VDD-VTH control

Active Stand-by
Multiple VTH Dual-VTH MTCMOS
Variable VTH VTH hopping VTCMOS
Multiple VDD Dual-VDD Boosted gate MOS
Variable VDD VDD hopping

*) MTCMOS: Multi-Threshold CMOS
*) VTCMOS: Variable Threshold CMOS
• Multiple : spatial assignment
• Variable : temporal assignment

Software-hardware cooperation
Technology-circuit cooperation
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Controlling VDD and VTH for low power

Active Stand-by
Multiple VTH Dual-VTH MTCMOS
Variable VTH VTCMOS VTCMOS
Multiple VDD Dual-VDD Boosted gate MOS
Variable VDD VDD hopping
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Transistors go leaky
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GSI’s in deep-submicron era

High voltage
High VTH
Thick TOX

Low voltage 
Low  VTH
Thin TOX

Logic Circuits
F/F

SRAM (leak cut-off by high VTH)

Leak cut-off
Power Switch

Analog
(low VDD
Reduces
S/N ratio)

I/O (for compatibility)

VDD

VBOOST

<Standby> <Active>

VSS
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Power switch gate width in BGMOS

Degrade circuit speed unpredictably

VDD

Logic 

low-VTH

Power switch
high-VTH

Stby
Virtual ground

VDD

R CX

VDD

Kao, DAC'97, pp.409-414.
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Controlling VDD and VTH for low power

Active Stand-by
Multiple VTH Dual-VTH MTCMOS
Variable VTH VTH hopping VTCMOS
Multiple VDD Dual-VDD Boosted gate MOS
Variable VDD VDD hopping
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Energy consumption is
proportional to
the square of VDD. 

Energy consumption is
proportional to
the square of VDD. 

VDD should be lowered
to the minimum level
which ensures
the real-time operation.

VDD should be lowered
to the minimum level
which ensures
the real-time operation.
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Application slicing and software feedback 
loop in Voltage Hopping

S.Lee and T.Sakurai, “Run-time Power Control Scheme Using Software Feedback Loop for 
Low-Power Real-time Applications,”ASPDAC'00, A5.2, pp.381~pp.386, Jan. 2000.
S.Lee and T.Sakurai, “Run-time Voltage Hopping for Low-power Real-time Systems,” DAC'00, 
June 2000.
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1 2 3 N...4

TR3

TR1
TR2

TR4

TSF = Time constraint of sync frame

1 2
TC2
TC3

TTAR3

fVAR = f1 = fCLK TTD

TTD

fVAR = f2 = fCLK/2

fVAR = f3 = fCLK/3

fVAR = f4 = fCLK/4

TTD

TTD

TL3,f1 = TTD + TW3

TL3,f2 = TTD + TW3 x 2

TL3,f4 = TTD + TW3 x 4
TL3,f3 = TW3 x 3

Clock frequency 
for the previous 
timeslot was f3. 

Processor coreProcessor core

Voltage
frequency
controller

Voltage
frequency
controller

Clock & VDD
Clock & VDD
Control info
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Run-time Voltage Hopping
reduces power to less than 1/10

MPEG-4 video encoding

Transition Delay TTD (ms)
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Measured power characteristics

Total power = 0.8 x 0.08 + 0.16 x 0.86 + 0.07 x 0.06 = 0.2WTotal power = 0.8 x 0.08 + 0.16 x 0.86 + 0.07 x 0.06 = 0.2W

VDD hopping can cut down power consumption to 1/4VDD hopping can cut down power consumption to 1/4
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Summary – low-power
For reducing standby power, insert a power 
switch in series to logic circuit (BGMOS).
→→→→ Choice of power switch gate width

For reducing active power, dual-VTH 
scheme and software control of VDD and 
VTH are promising.
→→→→ Tools to support system-level low-power 
design with S/H co-design capability

Future giga-scale integration will use 
multiple VDD, VTH and Tox.
→→→→ Tools to support new tech.
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Three crises in VLSI designs

Power crisis

Interconnection crisis

Complexity crisis



T.Sakurai

Interconnect determines cost & perf.
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DSM interconnect design issues

Larger current
IR drop (static and dynamic)
Reliability (electro-migration)

Smaller geometry / Denser pattern
RC delay
Signal Integrity
Crosstalk noise
Delay fluctuation

Higher speed
Inductance
EMI
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Interconnect Cross-Section and Noise

Unscaled / anti-scaled
• Clock
• Long bus
• Power supply

Scaled interconnect
• Signal

1V 20W →→→→20A current
5% noise →→→→0.05V noise →→→→~0.02V / 20A→→→→~10µm thick Cu
Thick layer interconnect, area pad, package are co-designed.
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Capacitive Coupling Noise
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Coupling among Interconnections
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Coupling among Interconnections
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Buffered interconnect delay

1998 2002 2006 2010 2014
10-11

10-10

10-9

10-8

Gate delay

1um x 1um 
chip long

Clock period 
(global)

Clock period 
(local)

1um x 1um 
chip long 
buffered

Year

D
el

ay
 (s

ec
)



T.Sakurai

Power and delay optimization
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RC delay of global interconnections
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Three crises in VLSI designs

Power crisis

Interconnection crisis

Complexity crisis
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Overcome complexity crisis

MPU Core

Cache

ROM
RAM

MPEG Core
USB Core

Proprietary
Logic

IP (A inc.)
IP (B univ.)
IP (C inst.)
IP (D semi.)

IP ; CPU, DSP, memories, analog, I/O, logic..
HW/FW/SW

• Re-use and sharing of design
• Design in higher abstraction
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Issues in System-on-Chip

• Un-distributed IP’s (i.e. CPU, DSP of a certain 

company)

• Huge initial investment for masks & development

• IP testability, upfront IP test cost

• Process-dependent memory IP’s 

• Difficulty in high precision analog IP’s due to noise

• Process incompatibility with non-Si materials and/or 

MEMS
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Technologies integrated on a chip

‘98

Logic
SRAM

Flash memory
Embedded DRAM

CMOS RF
FPGA
MEMS

FeRAM
Chemical sensors

Electro-optical
Electro-biological

Year
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+4
+4~5
+3~5
+2
+2~10
+4~5
+2~6
+5~8
+?

ITRS’99
RF : Radio Frequency
FPGA : Field Programmable Gate Array
MEMS : Micro Electro Mechanical Systems
FeRAM : Ferroelectric RAM
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System-in-Package
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System on a Chip

SoC vs. SiP

Chip

MPU Core

Cache

ROM
Logic

Analog
USB Core

DRAM
• Smaller area
• Shorter interconnect
• Optimized process for 

each die (Analog, DRAM, 
MEMS…)

• Good electrical isolation
• Through-chip via

• Heat dissipation is an 
issue

Heat spreader/
Heat pipe

System in a Package
MPU Core

DRAM

Logic

Analog
Cache

USB ROM
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Issues in System-in-Package

• Special design tools for  placement & route for co-

design of LSI’s and assembly

• High-density reliable substrate and metallization 

technology

• low-cost, available known good die

(reworkablility and module testing)
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Super-connect technology
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Super-connect

Band
width

0.1

1

10

100

Design rule Power
@1GB/s

Area

102

103

104

105

[µµµµm] [mW] [GB/
sec]

[µµµµm2

/bit]

Super-connect

Off-chip On-chip

1

10

100

1000

Cost
/line

[AU]

10

1000
[day]

100

Turn-around
time

1

10

100

1000

1

10

100

1000



T.Sakurai

LSI in 2014
Year Unit 1999 2014 Factor

Design rule µm 0.18 0.035 0.2
Tr. Density /cm2 6.2M 390M 30
Chip size mm2 340 900 2.6
Tr. Count per chip (µP) 21M 3.6G 170
DRAM capacity 1G 1T 1000
Local clock on a chip Hz 1.2G 17G 14
Global clock on a chip Hz 1.2G 3.7G 3.1
Power W 90 183 2.0
Supply voltage V 1.5 0.37 0.2
Current A 60 494.6 8
Interconnection levels 6 10 1.7
Mask count 22 28 1.3
Cost / tr. (packaged) µcents 1735 22 0.01
Chip to board clock Hz 500M 1.5G 3.0
# of package pins 810 2700 3.3
Package cost cents/pin 1.61 0.75 0.5

International Technology Roadmap for Semiconductors 1998 update sponsored by the Semiconductor 
Industry Association in cooperation with European Electronic Component Association (EECA) , 
Electronic Industries Association of Japan (EIAJ), Korea Semiconductor Industry Association (KSIA), 
and Taiwan Semiconductor Industry Association (TSIA) , International Technology Roadmap for 
Semiconductors: 1999 edition.  Austin, TX:International SEMATECH, 1999.
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Possible electronic system in 2014

• Sensors/actutors

• 0.035µm 3.6G Si FET’s 
with VTH & VDD control

• Locally synchronous 
17GHz clock, globally 
asynchronous

• Chip / Package / Board 
system co-design for 
power lines, clocks, and 
long wires (super-
connect)

MPU, Logic
Configurable units

Various
memories

Micro-actuators
Analog

Sensors
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Summary – Interconnect & SiP
New possibilities with buffered 
interconnects may open up new tools 
opportunity.

Silicon-in-Package needs new tools that 
support co-design of VLSI’s, package and 
assembly. 

New design closure issues
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Controlling VDD and VTH for low power

Active Stand-by
Multiple VTH Dual-VTH MTCMOS
Variable VTH VTH hopping VTCMOS
Multiple VDD Dual-VDD Boosted gate MOS
Variable VDD VDD hopping

K. Nose, M.Hirabayashi, H.Kawaguchi, S.Lee and T.Sakurai, “VTH-hopping 
Scheme for 82% Power Saving in Low-voltage Processors,” to be 
published, CICC 2001.
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VTH hopping
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VTH hopping

Fixed VTH
Fixed freq.

Dual VTH
0

0.5

1
Leakage power
Dynamic power

VDD =0.5V
VTHlow=0V

94% f/2 operation
for MPEG4 codec
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Other important technologies for low-power

Low-C
• Gate-sizing, low-power cell library
• Memory embedding
• Mixed digital-analog

Low- αααα ƒ
• Multi-ƒ
• gated clock

System-level power prediction/optimizatiion

P = αααα ƒ C Vs VDD + leak power
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Coupling noise in RC bus
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H.Kawaguchi and T.Sakurai, "Delay and Noise Formulas for Capacitively Coupled Distributed RC Lines," ASPDAC, 
Digest of Tech. Papers, pp.35-43, Feb. 1998.
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Repeaters

a) Without repeaters b) With repeaters
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Necessity for Low-Power Design

Power 
range Concerns

< 0.1W • Battery life Portable
• PDA
• Communications

~ 1W Consumer
• Set-Top-Box
• Audio-Visual

• Inexpensive package limit 
• System heat (10W / box)

> 10W • Ceramic package limit
• IR drop of power lines

Processor
• High-end MPU's
• Multimedia DSP's

Typical applications 
(All need high-perf.)
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VLSI Design in 2010

Designing a map of 10m wide roads
for a world atlas


