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Recap: Trends cont'd

Power Dissipation by
Leakage currents
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Recap: Subthreshold Leakage

m Threshold Voltage Ves < Vi

Transistor characteristic ?
Gate

If: ,Gate-Source™-Voltage V g
higher than V,,

= Channel under Gate

> Current between Drain and Source e
If: Vs lower than V,,
> (ideal) No current

@
@
m Subthreshold leakage Isub. gu ° Diffusion

Leakage between Drain and o0 > O
Source when V¢ <V, o o o
Based on: high Low

m Short Channels Concentration concentration

m Diffusion

m Thermionic Emission
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Recap: Gate Oxide Leakage

m Tunneling effect Potential Energy

Electromagnetic wave strike at
barrier:

> Reflection + Intrusion into barrier

If thickness is small enough:

2 Wave interfuse barrier partially: > X
(Electrons tunnel through Barrier) |

mGate oxide leakage | jate

In Nanometer-Transistors, where
T,<2nm

> Electrons tunnel through gate oxide I

- Leakage current
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Recap: Dual-V, / Dual-T_,

Two different gate types:

= Gates consist of ,low-V, “- or low-T_“transistors
= Low threshold voltage or thin gate oxide layer
= For critical paths

High leakage

= Gate consist of ,high-V, - ,high-T_ “-transistors
= High threshold voltage or thick gate oxide layer
= Foruncritical paths

Low leakage

=» Leakage reduction at constant performance
(no level converter necessary)
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Stack Effect

m Transistor stack: at least two transistor from same type (NMOS or
PMOS) in a row

m Based on behavior of internal nodes:

=» The more transistors are non-conducting (off) the lower the leakage

—_—

o N b O ®©

—_——— ]

e e

Leakage Iy, [NA]

1 2 3 4
Transistors off in stack

Source: Roy, “Lecture”
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Sleep Transistors

® |dea: Insertion of additional transistors

between logic block and supply lines

= This transistors: connect with SLEEP-

signal

® |f circuit has nothing to do:

> SLEEP signal is active: Stack effect
(additional off transistor in row to

other)

" If sleep transistors are High-V,:

approach also called Multi-Threshold

CMOS (MTCMOS)

" Mostly insertion only of 1 Transistor

sleep —0”:

Vdd

Virtual Vdd

- C

Low-V,, logic cells

D=

-
-

sleep —”:

Virtual Vss

Vss

Source: Kaijian Shi, Synopsys
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Variable Threshold CMQOS (VTCMQS)

m Threshold voltage V,, depends on bulk voltage (V)
m As leakage (l ) and delay depends on V,,
=» Delay and leakage (I, ) can be controlled over V,

m VTCMOS: dynamic adjustment of frequency and V,, through back-
gate bias (=V,,) control

(. i 1 5 -
2 2
2 + 48
3 delay 3 k5
N ] N
© A ©
£ O 2 E
o leakage powe-r: / I o
-1,5 -1 -0,5 0 0,5

Back-gate Bias Vg [V]
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Motivation

m Reliability important for -1

1 Normal user

1 Companies

1 Medical applications

1 Cars
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The Whole System Counts

45 METRES OF ROPE AND
YOU'RE FINDING FALILT
WITH THIS LITTLE RIT 7

TERLL | SRp g
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Process Failures

m Occur at production phase

m Based on
1 Process Variations
1 Particles
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Sub-wavelength Lithography
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Field-dependent Aberrations

CELL A(X,Y;)#CELL A(X,Y,) #CELL A(X,,Y,)
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Aberrations

Source: R. Pack, Cadence
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Random Dopant Fluctuations

Causes V,,, Variations

10000 ¢

1000 E
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10 | | | | | | | | | | |
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Technology Node (nm)

‘ Uniform . ‘ Non—uniform.

Source: Borkar, Intel

Mean Number of Dopant
Atoms
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Varying Line Width

LineWidth [nm]

Source: Zhou, 2001
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Temperature Variation

Power Map On-Die Temperature

250
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100
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60
40

200

150

100

Heat Flux (W/cm2)

50

Temperature (C)

m Power density is not uniformly distributed across the chip
m Silicon is not a good heat conductor
m Max junction temperature is determined by hot-spots

1 Impact on packaging, cooling

Source: Borkar, Intel
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Temperature Variation cont'd

74.4483
72.5587
70.669

68.7793
66.8897

Power4 Server Chip

Source: Devgan, ICCAD’03
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Temperature Variation cont'd
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Threshold voltage V,, changes with temperature =» drain-source current

changes 9 delay Changes Source: Burleson, UMASS, 2007
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Supply Voltage Drop

Copyright Sill, 2008

B 1.150

1,150
1.154
1,158 -
1.162 -
1,167 -
1171~
1,175 -

1,150
1,154
1.158
1,162
1,167
1.171
1.1
1,200

<= =€ <=L £ £ £ £ =<

Source: Trester, 2005
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Variability in Critical Paths

FF

Do Do e >

FF

critical path

FF

Do >

Variability

FF

T=TintX

FF

D e P

FF

FF

2 g o

FF

Taetayt = 4" Tinvt T

Taelay2 = 2 Tinvt TrF a
1:clk =1 /Tmax =1/ Tdelay1

Tdelay1_v= 3*(TinvtX)*+Tiny+Trr

Tdelay2 v = 2" (TinytX)+TEE 2
1, <T

delay1_v

=» Data arrive to late = Error
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Soft Errors

Oxide
Insulation

Gate

High
Energy
Neutron

1

Source: Automotive 7-8, 2004

NV

In 70’s observed: DRAMs occasionally flip bits for no apparent reason

Ultimately linked to alpha particles and cosmic rays

Collisions with particles create electron-hole pairs in substrate
These carriers are collected on dynamic nodes, disturbing the voltage
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Soft Errors cont'd

m Internal state of node flips shortly

m |f error isn’t masked by
Logic: Wrong input doesn’t lead to wrong output
Electrical: Pulse is attenuated by following gates
Timing: Data based on pulse reach flipflop after clock transistion

=> wrong data

FF ﬁ
B

o

Y
s

FF | FF
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Electromigration

Void

Electromigration: Top View

m Transport of material caused
by the gradual movement of
lons in a conductor

m  One of the major failure

mechanisms in interconnects. Metal 1
m Proportional to the width and

thickness of the metal lines

m Inversely proportional to the Whisker, Hillock
current density

Metal 1

Cross Section View
Metal 1

o I g e e

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Metal 2
Source: Plusquellic, UMBC
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Electromigration cont'd

Void in 0.45mm AIl-0.5%Cu line

FET I

Y Source: IMM-Bologna

Whiskers in Sn

Source: EPA Centre

Metal-2

Acc¥ Spot Magn Det WD ——— 20um
500kv 30 1000x SE 168

Hillocks in ZnSn
Source: Ku&Lin,2007
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Time-Dependent Dielectric Breakdown (TDDB)

w

m Gate oxides wear out due to
damage from tunneling currents -Si gate |

w T
i T

m Creates connection between gate- |
substrat, gate-drain, or gain- R
source . Aot Substrate

m Depends on electrical field over 2?:;3@”9
gate oxide

1 Exponential dependent on
temperature T and t_,

m Greatest problem during voltage
overshoots

Source: Pey&Tung
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Variability Trends cont'd

- Soft Error / Chip (Logic & Mem)

—_
o
o

Relative SER

o)
o
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Source: Borkar, Intel
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Variability Trends cont'd

Time dependent device degradation

lps Relative

1 2 3 4 5 6 7 8 9 10

Relative Time

Source: Borkar, Intel
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Variability Trends cont'd

Increasing probability for Gate-Oxide-Break-Through
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Source: Borkar, Intel
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Variability Trends cont'd

Frequency and sub-threshold leakage variations
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Source: Borkar, Intel
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Future Designs

-+ + | . 100 BT integration capacity

» Billions unusable (variations)

= Some will fail over time

%TE E = » |Intermittent failures
ran§(|stors

i&%+ E + E
-+ -+

Source: Borkar, Intel
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Failure Measurement

m MTTF — Mean Time To Failure

m FIT — Failures In Time = 10° * (failure rate/hour)
m Example 1:

1 year MTTF =10°/ (24 * 365) FIT =114.155 FIT
m Example 2:

System has 100 chips rated at 1000 FIT

Customer purchases 10 systems

Failure rate = 100 * 1000 * 10 = 10° FIT

=» One failure every 1000 hours (42 days)
Must keep FIT less than 100 FIT
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Failure Measurement cont’d

m Reliability R(t):
Probability of a system to perform as desired until time t

Example: R(t,) = 0.8 =» 80 % chance that system is still running
at time t,

m Failure rate A:
Probability that system fails in given time interval

Example: if 10 out of 100 systems fail in given year = individual
system will fail with a probability of 10 % in that same year

R(t)=e™"

MTTF = [R(t)dt 1
) A
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Bathtube Failure Model

Wearout period

» |[ncreasing failure rate
= Based on TDDB, EM, etc.

Infant mortality
= Declining failure rate)
= Based on latent reliability

defects
A Normal lifetime
= Constant failure rate
2 = Based on TDDB,
qj EM, hot-electrons...
>
E_U

o >
1-40 7-15 years Time
weeks
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Classification

ErIror
Temporary Permanent
‘ Defects, wearout, out of
range parameters, EM,
I I TDDB ...
Transient Intermittent

Process variations, infant
mortality, random dopant

fluctation, ...
| |
Radiation Non - Radiation
Soft errors Power supply, coupling,

operation peaks
Source: Mitra, 2007
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Triple Module Redundancy (TMR)

A
Copy of B
——
Logic L 3 Output
| Copy of
Logic L
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Triple Module Redundancy: Voter

Hardware realization of 1-bit majority voter

A _D_ OUT = AB+AC+BC

Requires 2 gate delays
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Triple Module Redundancy cont'd

10 _I_ Note: For a constant module failure rate A
2
E
S 05T
¢
Simplex (only 1 module)
0
Time
Ry(t) = e™

Rwr(t) = Ry® + 3R? (1-R,) = 3R? — 2R,;* = 3e2 — 2e-3M
MTTFyr = Iooc(3e'2m' 2e3\dt = 5/6A = MTTFq,r < MTTF

Why: After some time probability that 2 modules are wrong is
higher that 2 modules are working!

Copyright Sill, 2008 Micro transductors ‘08, Reliability
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Triple Module Redundancy cont'd

m One possible improvement: TMR/Simplex

m The system operates as TMR until first module fails
=>» Then: one good and the bad modules are switched off
= System operates as Simplex

m R, = R +3R%, (1-Ry) + (312)Ry(1-Ry)?
= 1.5R,, - 0.5 R3,,
> RM

" ForR, =e™ = MTTF = (4/3))

2> MTTFryrsimplex > MTTFgvpLex > MTTF g
(4/3) (1) (5/62.)

Source: Pradhan, 2007
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Static Timing Analysis (STA)

m In design phase: estimation of maximum delay of circuit

results from adding all gate- and wire delays
Delay

wire / interconnect delay (ty i) |FEL~+ TIFF|
) ( /

AERES Y p

gate delay (td,gate) Max. de|ay = 2+0.5+2+0.1+2=6.1
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Static Timing Analysis: Design Corners

m Design Corners = Processing +
Environmental Variations

fast

m For estimation of worst and best

_ nFpF
case behavior nSpF

m Box surrounding guaranteed
circuit performance

pMOS

m STA for all cases (usually 5)

m Typically 3 varying Parameters nFpS

nSpS

slow

(Temp., Vpp, Process)

slow fast
Too less for current nMOS
technologies
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Design Corners cont'd

3 varying parameters _
nFpF 10+x varying parameters

ks
N nTpT
Cz) nFpF nFpF 4 nSpS nSpS

Q.

2

O

«» : y ' . >

nSpS -Ax, -Ax, x  -Ax, -AXx, delay

slow nMOS fast
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Design Corners cont'd

Problem: Predicted delay very high

= maximum allowed frequency is very low

Delay

>

1
Logic ~ | EE frequen =
o @ FF Yo = | ax( Delay)

(

Solution: Probabilistic determination of timing behavior

cmﬂ(
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Gaussian Distribution

m Most variations can be described as Gaussian Distribution

1 (X—ﬂ)zj
y(X)_O' 21 exp( 20°

m [ - mean value, o — standard deviation

Copyright by
wikipedia.com

T ———————
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Gaussian Distribution cont’d

Best Case Gaussian Distribution

Worst Case

/

Wasted by
conservative
approach!

N\
N

FProbability

40 45 50 55 60 65 70 75 80
U Delay [ns]

#10k Monte-Carlo simulations of NAND2 (Variation of V., L, W, Temp)
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Statistical Static Timing Analysis (SSTA)

—
Deterministic STA: >
(Worst Case Analysis) | , , , >
0 2 4 6 _
fime
Statistical STA: M A a
| | B | >
0 2 4 6 time
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Statistical Static Timing Analysis cont'd

Statistical STA: M A
- | S | >

0 2 4 6 time

m Gate delays and arrival times are probabilistic distributions
m Probability density functions (PDF)
Probability that signal arrival time or gate delay has value t

PDF(t) = % - e—z(t;”) V\

m Cumulative probability distribution functions (CDF)

Probability that signal arrival time or gate delay is lower than t

t 1 _1(X—uj A
CDF(t):J‘Ee 2\ o dX _/
0
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Statistical Static Timing Analysis cont'd

For a chosen reliability R => all critical paths are faster

than a specific delay
Probability distribution

of delay of output For a reliability R,
signal delay is lower than x
on every chip
FF —»o-—»o-—w =
ngn >
critical path
delay X
Example:

for R=100 % the delay is always lower than 1400 ps (worst case)
for R = 99,8 % the delay is always lower than 1200 ps
forR=95% the delay is always lower than 1000 ps

S
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SSTA: Delay Reduction

25,0%
21%
19%

15,0%

10,0%

Reduction of Delay

5,0%

0,0%

c432

I I I

c499 ¢880 ¢1335 ¢1908 c2610 c3540 c5315 c6288 7552

B SSTA with 99.8% reliability B SSTA with 95% reliability

Copyright Sill, 2008
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Self Adaptive Design

m Extend idea of clock domains to Adaptive Power Domains
m Tackle static process and slowly varying timing variations

m Control VDD, V,, (indirectly by body bias), f,, by calibration at
Power On

Test inputs —— Vpp
and
responses
f >
clk Test
" Module Module
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Self Adaptive Design: Example

m 21 submodules per die

m Applying 0.5V Forward/Reverse Body Biasing (FBB/RBB) in steps
of 32 mV, respectively

. noBB ABB within die ABB
100% -
97% highest bin 8
O - T
5 °
- 60%- 100% yield g
Q S
ey : Z
()
O 20%-
<CE) 0% arge Frequency
A e R

Source: Borkar, Intel

Higher Frequency 2>

m For given Freqg and Power density
100% yield with ABB
97% highest freq bin with ABB for within die variability
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Redundant Transistor Insertion

m Random insertion of redundant transistors
m Trade-off between Yield and Power Dissipation, Area,
and Delay

m For constant delay: redundant transistors only in non-
critical paths

oA 4
L =) o LE

\Y, \Y \Y \Y, v
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Razor Flip-Flop

m For uncertainty- and variation-tolerant design
m Razor methodology

Voltage-scaling methodology based on real-time
detection and correction of circuit timing errors

Use the actual hardware to check for errors
Latch the input data twice:

= Once on the clock edge, and then a little later
m |[f the data is not the same, you are going too fast

Source: Austin, Computer Magazine, 2004
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Razor Flip-Flop cont'd

Shadow FF

Main
flip-flop
Error_SI
Shadow ) £§>1
CLK latch Comperator
Error

CLK _delayed

CLK

CLK delayed |

|
D X ) Instr 1 X\‘Instr2

Error

/)
Q 5( Instr 1 WInstr 2

Source: Austin, 2004
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