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Technology Scaling
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€ Technology scaling : Moore’s law

® The number of transistors that can be placed on an integrated circuit
has doubled approximately every 18 months

_ 4 YONSEI Univ. £zex%
[1] “Microprocessor Hall of Fame”, Intel, 2004 School of EEE &&4




VISi
Development Trend

€ Scaling (More Moore)
ORTC Models \ P e ® (I\:/Ihci)r;e devices are integrated in a
® New scaling road map

“* Not only ‘geometrical scaling’ for
2D device, but also ‘equivalent
scaling’ for 3D device

® Beyond bulk CMOS

% FinFET, SOI...
€ Functional diversification
(More than Moore)

® Several functions are merged in
a chip

Traditional | Functional Diversification (More than Moore

Interacting with people
and environment

130nm

Non-digital content
System-in-package

Information
Processing

Digital content
Bystem-on-chip
(SoC)

[Geometrical & Equivalent scaling]

Scaling (More Moore) |
Baseline CMOS: CPU, Memory, Logic

5 YONSEI Univ. £zey%
[2] ITRS (International Technology Roadmap for Semiconductors) 2009 Lol e




VLSI
SoC Performance
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€ SoC performance : exponentially increase!!
® Thanks to both device technology and design methodology

6 YONSEI Univ. Sz
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- VLS|
SoC Power Consumption Problem s
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€ SoC power consumption : ‘also’ severely increase
® After 15 years, x10 power is required...
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- VLS
SoC Power Density Problem s
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€ Power density : exponentially increase!!
® Power consumption per die area (W/cm?)

® \We would soon reach power densities of nuclear power plants or
rocket nozzles in a few years!!

[1] “Microprocessor Hall of Fame”, Intel, 2004 School of EEE &




i . VILSI
Process Variation Problem

€ Process variation : Result of scaling

® Global variation and local variation

** Global variation

» Comes from fabrication, lot, wafer processes

» Different process corner (NMOS-PMOS : SS/SF/TT/FS/FF)
¢ Local variation

» Truly random variation between device with identical layout

Global Variation Local Vanation
- : r '-__ : : :E .i ol ' -
1B .
o s E_-;:_ &
nopsis. 2 9 41 htto://cnx.or YONSEI Univ. £gox%
[3] Synopsis, 2005 [2Lhttoicnx.org School of EEE %&¢
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Process Variation Problem
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Normalized Leakage (Isb)

€ Performance variation due to process variation
® Frequency difference = 30%
® | eakage current difference = x20
= Process variation should be considered in SoC design

10 YONSEI Univ. #&ex%
[5] A. Devgan, Berkeley School of EEE %274




.- VLSI
Effect of the Process Variation s

€ Low Voltage / Low Power limitation
® |y o WIL*(Vpp-Viy)®
® \/,, variation = |y variation = Performance Variation !!
® Need more design margin due to process variation = Vg 1

& Yield limitation

® Because of process variation, failure probability 1 = Yield |

Ll YONSEI Univ.
School of EEE %&¢




VLSI
G r e e n S O C SYSTEM LAB.

2009 ITRS SpPecCIAL TOPICS
ENERGY

Energy consumption has become an increasingly important topic of public discussion in recent years because of global
CO2 emission. Since semiconductor electronics are broadly applicable to energy collection. conversion. storage.
transmission. and consumption/usage. it is not surprising that the ITRS addresses many factors of significance to energy
issues. In general. the ITRS documents the impressive trends and. more importantly. sets aggressive targets for future
electronics energy efficiency. for example. computational energy/operation (per logic and per memory-bit state changes).
The most detailed targets relate directly to semiconductor materials. process. and device technologies. which form the
bases of integrated-circuit manufacturing and components. respectively.

€ Green SoC
= Low power SoC design !!!
= Low process variation (high yield) design

12 YONSEI Univ.
[1] ITRS Roadmap 2009 School of EEE %&4
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ifi - VLSI
Power Classification

€ Power consumption of CMOS circuits

I:,total =P + P

dynamic static

denamic = Psw + Psc

L2 YONSEI Univ.
School of EEE %&¢




' i VLSI
Switching Power

VDD VDD
Co—%
Cabr ./‘.I: =C,dV/dt=C, AV
C gp
P.w=IVpp=C AV Vpf
Clock Cagn —o—9¢
Cw In digital circuit, AV=Vyp

cdbn::
_J P..,=IVo5=C Vpp2f

& P, is due to the charge and discharge (output transition) of the
capacitors driven by the circuit according to input transition.

¢ P, =C Vpp*f

LD YONSEI Univ.
School of EEE %&¢




: : VLSI
Short Circuit Power

(@)
S
O
(=1
s

& P is caused by the simultaneous conductance of PMOS and NMOS
during input and output transitions.

¢ P = (B/12)(Vpp-2Vy) (t5-t4)

Lo YONSEI Univ.
School of EEE %&¢




- . VLS
Static Power : Pq,p, Pyate & Pijyne ™

‘Psub

® Sub-V., leakage : |Vgs|<|Vhl
® P, < EXp[(Vgs-Vin)/mvy ] Vpp

‘Pgate
® |deal MOSFET : I 5, =0

® |n short channel MOSFET, |,
exists because of thin Ty

® P < WL (Vis/Tox)? Vip
‘Pjunc

® Reverse PN junction leakage

junc

YONSEI Univ. £xex%
[6] K.M.Cao, “BSIM4 Gate Leakage Model Incluiing Source-Drain Partition”, IEDM, 20880 o orr 4534
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- VLS|
VDD RedUCthn SYSTEMLAE.

€ Power consumption equation
® P, =C Vpp*f
® P . =(B/12) (Vpp-2Vqy)® (t5-ty)
® P.up < EXp[(Vgs-Vin)/mvy: ] Vpp
® Pgate oc WL (VGSITOX)2 VDD
® P.... < Exp[Vp/vs-1] Vpp

junc

& Case.1:Vpp |

® All power consumption |

® However...
Delay o< C,Vpp/lp © C Vpp/(Vpp-Vip)*
“If Vp |, Delay 1
— Performance loss

LD YONSEI Univ.
School of EEE %&¢




- TP VLS
Vpp Scaling Limitation

€ Low V| limitation with process variation
® Voo min = VrotKo(Vy)
% 0o(V+) : 1-sigma of V; variation
> OCTOXNAO'25(LW)'O'5
® Significant increment of o(V5) with
technology scaling (LW |)

MPU core @ISSCC
production level

Voo =Vmin+AVps+AV

E N I e )
T

= Vpp scaling meets the limitation!!

— Process variation tolerant circuit

- - . . . Vnﬁn
design technique is required!! 0.4 (RDF, poly-5i) rorget
0.3
2 860 I 3%0 I 1;30 | 9|0 6I5 4|5 32 2I2 1|5 1I1 8

Device feature size, £F(nm)

YONSEI Univ. £zen%
[7] K.ltoh, “Adaptive Circuits for the 0.5-V Nanozsct):ale CMOS Era”, ISSCC, 2009 School of Er:g“é




VLS

H I g h VTH SYSTEM LAB.

€ Power consumption equation
® P, =C Vpp*f
® P . =(B/12) (Vpp-2Vqy)® (t5-ty)
® P.up < EXp[(Vgs-Vin)/mvy: ] Vpp
® I:gate oc WL (VGSITOX)2 VDD
® P.... < Exp[Vp/vs-1] Vpp

junc

& Case.2: V1

® P_. | and especially, P, |

® However...
s Delay o< C Vpp/ly < C Vpp/(Vpp-Vy)®
If V1, Delay 1
—Performance loss

oL YONSEI Univ.
School of EEE %&¢




VLS
Low Frequency

€ Power consumption equation
® P, =C Vpp*f
® P . =(B/12) (Vpp-2Vqy)® (t5-ty)
® P.up < EXp[(Vgs-Vin)/mvy: ] Vpp
® I:gate oc WL (VGSITOX)2 VDD
® P.... < Exp[Vp/vs-1] Vpp

junc

¢ Case3:f|
® Pl
® However...
< Throughput o< f
—Performance loss

&2 YONSEI Univ.
School of EEE %&¢




Normalized power

Tradeoff

8 TVoo=0.5V 2
' 0.35um process
§
6}
Delay
4 1
ﬁ'-.\ Leakage power
2
Dynamic power
1 a

0.0.1 0 0.1
Threshold voltage : Vy [V]

Normalized delay
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SYSTEM LAB.

— Tradeoff between low power and high performance

= Low power design :
- power reduction without performance degradation

23

YONSEI Univ. £ex%
School of EEE %&¢
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- VLSI
Low Power Design Methodology s

4 To make low power SoC...

® Architecture and algorithm levels
¢ Parallelism, Pipeline ...
® Block and logic levels
% Vpp / Frequency scheduling by monitoring workload (AVFS)
s Temperature management to reduce leakage current
® Circuit level
¢ Circuit type (Dynamic, static, ...)
¢ Circuit technique (Dual Vg, Dual V;y, MTCMOS, ...
® Device level

¢ Control the process parameter
» Halo doping, retrograde well...
*» Low leakage new device
» SOI, FinFET ...

&8 YONSEI Univ.
School of EEE %&¢
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: VILSI
Parallelism

COMPARATOF
-]

| |

<A simple adder comparator DP >

£
= T
= A>B
P ref ref f P — C szar 1:par E
P C f V 2 1V?2
par_ T (N +6)— >
Pref Cref fref ref N V

< Parallel implementation>

N: # of parallelism
o: a slight increase in capacitance due to the extra routing

7 YONSEI Univ. #gen®
[8] A.P. Chandrakasan, “Minimizing power consumption in digital CMOS circuits”, Proc. of IEEE,995 School of EEE %&#°




. . VLS
PI p el I n e SYSTEMA;.)AB.

COMPARATOR
=

COMPARATO
=
v
=

< A simple adder comparator DP > < Pipeline implementation>
2 _ 2
Per = CreVres fref Ppipe - Cpipevpipe 1:|oi|oe
2 2
Ppipe _ Cpipe fpipe Vpipe _ (1_|_5)Vpipe
P C. f 2 ’
ref ref ref ref ref

N: # of pipeline stage
0. a slight increase in capacitance due to the extra latch

YONSEI Univ. §&
[8] A.P. Chandrakasan, “Minimizing power consumption in digital CMOS circuits”, Proc. of IEEE,995 School of EEE %$¢
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ircui - VLSI
Circuit Level Low Power Techniques s

€ Low power techniques
® Multiple channel length
® Stacked transistor
® Dual V,
® Dual V;
® MTCMOS (Multi Threshold voltage CMOS)
® DVS (Dynamic Voltage Scaling) : open-loop / closed loop

2 YONSEI Univ.
School of EEE %&¢




Path count

Critical Path

! Dual-supply delay

_ Target
distribution

delay

Original delay
distribution

-

Delay

& Critical Path : The worst case delay path
® Determines SoC’s maximum performance
® # of critical path << # of non-critical path
® Fast non-critical path is just wasteful...

=By increasing non-critical path’s delay, we may achieve power

VILSI

SYSTEM LAB.

reduction because of tradeoff relation between power & performance

31

YONSEI Univ.
School of EEE %&¢




VILSI

Multiple Channel Length

€ Threshold voltage roll-off
® LongerlL
*» Higher Vt
“ Low leakage with low performance
+» Used in non-critical path

400

Sl
—
—

Threshold voltage,
Vi, (M)
ey P
— —_
— —_

o]

0 025 050 075 1.00 1.25
Charnel length, L {um)

22 YONSEI Univ. '
School of EEE %&¢




Stacked Transistor

&V, level

® V,, > 0 due to leakage current.
< Negative Vs yns
 Positive Vgg yni

- Increase in V; by body effect

~(Vgs—Vin)
mv;

Pub ~| € dd

€ Primary input vector control to
utilize the stack effect in the
standby mode

33

VLSI
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_{ ™ MN1
}VM
._{ ™ MN2
H]'-I'-:h Y1 Low Vi
2NMOS 107X 996X |
INMOS 211X 18.8X
4NMOS 315X 267X
2 PMOS RAX 70X
3 PMO5 16.1X% 13.7X
4 PMOS 231X 1R TY
YONSEI Univ £ g,

School of EEE %, -



Dual Vg

& Basic idea

Path count

VooL
“* Logic gates off the critical path

VDDH

¢ Logic gate on the critical path
Reduce power without
degrading the performance

1 Dual-supply delay

-Supply Target
distribution

delay

Orniginal delay
distribution

Delay

34
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Critical Path
Shaded : VDDL
Non-shaded: VDDH

YONSEI Univ. $xex%
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- VLSI
Dual V,, : Design Issue & Target s

@ Issue VDDLVSG>0VDDH| |
® Static current flow at a Vpp, : gff,tﬂgnt
gate if it is directly drive by a In:0
VpbpL gate -
® | evel converter is needed 1 _*
— Overhead of area and power Vioy VpoH
In: 0 Voo CoLn?/\;erlter Voou

\7 -~ \J
VDDL =~ VDDH

€ Design target

® For a give circuit, choose gates for V, application to minimize
power consumption while maintaining performance with consider
level converter.

28 YONSEI Univ.
School of EEE %&¢




VLS
Dual V., Voltages

r e LOwW-WTH — n .
o | *lzr High-VTH —— 7 4FIF
FIFH——~— >—|_L IVH— sy [T
FIFH D V7 —[>— {FIF
s ’ —p— [ >~FIF

FIF - -
FrF— }_’}’1:}—_|_">— /‘:LE)—‘ —> T EH

FI/F o —  ETE
1o — o > F/F
1 e Critical Path
€ HVt
® Assigned to transistors in noncritical path.
® | eakage saving in both standby and active modes
¢ LVt
® Assigned to transistors in critical path
® Maintained performance
36 YONSEI Univ. $&eg

School of EEE %&¢



VILSI

MTCMOQOS : Basic

¢ MTCMOS : Multiple Threshold voltage CMOS
€ Low power & low Energy

_ _ . .
® Eror = Esto * Eacr = Pstatic * tsto + Paynamic ~ tact
® Portable device : tgtp >> t)q7

Y P :
€ Basic circuit scheme o {roee
® Two different Vit 6o s> J o s E:’
< HVt (0.5~0.6V) | : 10 0%
% LVt (0.2~0.3V) g 401 1R gg
. ) 10E2 _ﬂl—
® Two operating mode £ e £8
+» Active ) 2.0 L 10ED E_
% Standby é voe1 @
B Y S VR T T
Thresnold Voltage  Vih (V]
37 YONSEI Univ. £zex®

School of EEE %2%¢



VILSI

MTCMOS : Scheme

@ Active mode VOD e contet
® SL=1/SL=0 o
® Voou™Voo / VanovsV [ !EL_“&@} VoDV
DDV~ Y DD GNDV™ Y GND 1

Low-\th Tr | RU— - :

| I;.I'
B __Lr] |

4 Standby mode C B

| S
- ¥

® |Vt operating frequency

| _JI_-L'I."thE i R
® S| =0/SL=1 High-\ih Tr e
| |
| 8L -— | [qe GHDV — CV2
® HVtleakage e g L@ .
38 YONSEI Univ. £zex®

School of EEE %2%¢



VILSI

MTCMOS : Constraint

R 1.1
5.0}, Conv, H-4th Vidde1.0V = 5
—_ |:I' g . pmaeas e amp r_T
Bagl | =% 09 & AT ']‘”1
= |
5 H g —
3.0 > CviCo=1 UE,% [ 'IJJ i
% ' —#— CviCo=5 B !
I \“ 'n-.lrg IE.:|._ I:llr
E20 — z 1
g <t - : ]
| o L) ’
| SN W————
1.0/ - A 0.5
] & 4 B g 10

Mormalizad gate widih WHYL

€ Performance constraint according to

® Normalized foot/head switch size : W,/W_
® Normalized cap on VDDV/VGNDV : C,/C,

€ Area penalty

® Relatively small because Head/Footswitches are shared by all logic gates
on a chip (global foot switch)

39 YONSEI Univ. £zex%
School of EEE %&¢




VLS

DVES : Basic Concept

4 Basic concept
® denamic = CVDsz
® \/, and frequency scaling simultaneously
® \/p scaling
A best way to get low Py, because Py, i °Vpp?
® Frequency scaling
* Operating frequency = throughput
*» Not all task requires maximum Compute-intensive and

throuahout - short-latency processes
I 2 eoenn. Maximum
% By controlling the frequency, 5 processor speed

SoC improves energy efficiency E g E

.~ i1

B= - >

/ / time
System idle Background and
long-latency processes

_ _ 40 YONSEI Univ. #zen%
[10] T.Burd, “A Dynamic Voltage Scaled Microprocessor System”, JSSC, 2000 School of EEE &2¢




DVFS : Open loop VS. Closed Loop it

€ Open loop system & Closed loop system
® Can not adapt to PVT ® Can adapt to PVT variations
variations ® Need less design margin
® Need more design margin ® Example
® Example + Intelligent Energy

< Enhanced SpeedStep Management technology of
technology of Intel ARM

“* SmartReflex2 of T| OMAP

processor

245

Power [W]

0.956 1.036 1.164 1.276 1.420 1.484

Core Voltage [V]

: ; 41 YONSEI Univ. #&ex%
[11] “Enhanced Speed Step technology”, Intel School of EEE &W&%d




DVFS (SONY, PDA)

4 Block Diagram

® Closed loop system

[12] M.Nakai, “Dynamic Voltage and Frequency Management for a I_Z!')a-Power Embedded Microprocessor”, JSSC, 2005

~-DVFM ————————————~- N
Ref. Delay
Clock Pulse — Delay — Delay Info.
PLL | Gen. —I Synthesizer I-"I:Ielentnr i | Voltage
v | DVvC | |pc-Dci
| I/F
Clock |
Gen. |4 ! Frequency lg—{ Activity _!.,,
Freq. Adjuster Monitor DFC Mode DCc-DC
Info. A A A ’“f“* Converter
mm————————— - —1— [FActivity ——
Info.
system |Main Logic[ — nte — \
Clock
> ““c':r‘“ '::':IS ARM Peripheral Block Min.
: ) || || Vdd

YONSEI Univ
School of EEE %,
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: VLSI
Delay Synthesizer Structure s

Gate delay RC delay
characteristic Characteristic
L=Nominal | Long 15t to 4" Metal
puse| , S0 DD Dy
Gen. I A i
/ /
Detect "6 ] 6

Pulse

£3

Delay
Detector

RiselFall delay
characteristic

® Composed not only a simple transistor delay factor, but also wire
delay and rise/fall delay
* Gate delay component : one of nominal gate length and another of long
gate length

*+ RC delay component : wires from each of the four metal layers and its
total length is 14mm

& YONSEI Univ.
School of EEE %&¢




VLSI

Delay Synthesizer Effect

Supply Voltage[V]

—
"
=]

0.8

Without
Delay Synthesizer Circuit

measured
— Gate characteristic
«oo Main logic characteristic

20 40 60 80 100 120 140

Frequency[MHZz]

44

Supply Voltage[V]

1.6

-
b

.
N

-
.
=]

With
Delay Synthesizer Circuit

measured
— Synthesized DVC characteristic

-+« Main logic characteristic

20 40 60 80 100 120 140
Frequency[MHz]

YONSEI Univ. £
School of EEE *




VLS

Operation (DVC+DFC)

€ Operation procedure

(2) Mminimize Voitage

Veoltage Down

. by DVC
Voltage Voltage Up/ | (3) by DFC
by DFC | ' Minimize Voltage
. “) : : by DVC
1

Reference
Clock to DVC |
System
Clock e
4 2 A .
I 1 = |
Reference ClockSystem Clock- Both Clock T
. d
Freq. Up Freq. Up LT Freq. Down
Tk

® |ow — High : The main logic clock frequency is changed after the
DVC confirms the voltage has increased enough

® High — Low : Both the DVC reference clock and the system clock
are changed simultaneously

&= YONSEI Univ.
School of EEE %&¢
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- . VLS|
Device Level Low Power Technique ==

Planar MOSFET

€ FinFET

® FinFET : Vertical structure

* Planar MOSFET width
= FinFET height W v B e

2N

S

T

Wi 1 a? a
w 1a? 1 1
: s ey | wet
i3 o) 1 (/) Ha(/a )
0.25( )-0.5 oo e e e
® o(V;) ¢ T N2> (LW pilhos) oy S oy
. . Pr (MOS) 1 05 Y
. .
¢ As scaling goes on, variation o [, pre— pr— pr—
Of planar MOSFET get worse Lo Faii.{’)’” 11/11 nm (aspect ratio = 1) 180/11 nm (16) 90/23 nm (4)

Az tox NagPB, ofVe) = A/ VW, Jos = B (Vao—V5 )12 for constant Nas, © (MOS) = Voo Co [ Ios

» Vpp scaling is impossible
“* However, FinFET’s o(V;) doesn’t degraded
» FinFET width doesn’t occupy the active area

> As scaling goes on, L*W of FinFET can be maintained
» Vpp scaling is possible = low power !!

YONSEI Univ. £zen%
[7] K.Itoh, “Adaptive Circuits for the 0.5-V Nano4$7cale CMOS Era”, ISSCC, 2009 School of Erg\(;
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VLS
Summary

€ Green SoC design

= Low power & process variation tolerant SoC design
‘P=Psw+Ps+Psub+P +Pjuc

\j Sub - gate /

denamic I:’static
€ Power and performance : Trade-off

€ Low power design
® Architecture and algorithm level : parallelism, pipe line
® Block and logic level : workload monitoring, Vpp/frequency scheduling

® Circuit level
% Long channel : Reduce |, by using V. roll off (V47)
% Stacked MOSFET : Reduce |, by using body effect (V;41) & negative Vg
¢ Dual Vp : Use low Vy at non-critical path
% Dual V4 : Use low V at non-critical path

s MTCMOS: Use high V. sleep TR (low leakage in stand-by mode) & low V- logic (high
performance in active mode)

* DVFS : Reduce dynamic power by controlling both V, & frequency
® Device level : FinFET

49 YONSEI Univ. £zexp%
School of EEE %&#




. VLSI
Project Iltems

€ Study about advanced circuit level low power design
technique

® SCCMOS (Super Cutoff CMOS) / SCCMOS-Zigzag
® SMTMOS (Selective MTCMOS: local footswitch)

® OZMTCMOS (Optimal Zigzag MTCMOS)

® BGCMOS (Boosted Gate CMOS)

® \VVTCMOS ( Variable Threshold CMOS)

® DTCMOS (Dynamic Threshold CMOS)

® AVFS

2 YONSEI Univ.
School of EEE %&¢




