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The next generation MOSFETs are atomic scale

devices

//7 Courtesy A. Asenov
Cre Univ. of G
a-S‘ . niv. of Glasgow

T
The paradigm
simulation yesterday

e Intrinsic Process Fluctuations:

- Random discrete dopants A 25nm (physical
gate length)

MOSFET in A -I'.III IIV 1 111
production today

- Line edge roughness
- Interface roughness
- Poly silicon gate production in 2023
- Strain

- High-k structure

- Gate tunnelling



Electrical degradation: from abrupt to progressive

e Vdd stops scaling due to e.g., variability increase

* Smaller geometries and new (less characterized) materials
e Steady increase in electric fields — from abrupt failure to gradual

degradation
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Energy (normalized)

Gradual degradation + Intrinsic Process Fluctuations = Time-

Dependent Process Variability
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Variability Aware Modeling (VAM)

' Variability = “system”
“YIELD

Variability =

Delay&static&dynamic
characterization o charact.
digital blocks Memories
(Energy & timing) and

S e i Macro-

Varlatg‘llty = e blocks

Delay&energy (.lib (Energy &
standard cells Timing)

Variability =
electrical (V, I, R, C)

scaling rules

Variability = C“technpfogy:..
geometrical & chemical rules Measurements
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Weighted Monte Carlo (WMC)?

Plain Monte Carlo

|

Values
All balls have all equal
probability to be picked up

s_Weighted Monte Carlo

Tatdo

values
Balls can have individual
probabilities to be picked up
(frequencies, probability to
occur in reality)
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Monte Carlo vs. Weighted Monte Carlo

18 1 nte
9 ] Carlo make
< - | statistical
~ characterization of
LA | lib viable in|CPU
O c E CMC Delay Std-Dev  tjme
" i (Regression)
il 5 |,
0 |
+ 4 |,
C l
< 3| lay Std-Dev
o 2 | (Regressio
im [
L
g L —
% POPO 4000 EPBE 2000 10000 12000

Cl2Monmte Carlo Run

. mec



Statistical Output of VAM on Digital Front-End

Processor

eDynamic energy has variability!!
""""3Distribution is not around nominal

oDlstrlbutlons are hlghly asymmetric
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A divide and conquer approach is needed for

statistical modeling of SoCs

Raise abstraction and bring statistics to SoC level
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Integration of component-level statistics to ot

SoC level performance/power variations

Technology info

ArChiteCture |nf0 System (t’e) — App“ca‘“on |nf0
oroct||proc2||DMA Product-Convo_Iutlon
> transform in
| stochastic domain for
mem||I/F mem ‘ N
energy/timing RTlevel activity
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What Can VAM do Intrinsically that Cannc

Done Otherwise

1. Statistical Analyses of Memories
e SSTA and other existing methods handles only Standard Cells

2. Statistical Analyses of Blocks/Systems
e Above levels handled by SSTA or other methodologies

3. Can Handle Outliers

e All other methodologies (e.g. RSM) assume well behaved populations

4. Practical Statistical Analyses via WMC

e Intractable problem for Monte Carlo

5. Compatible with PathFinding Goals

e Maintain all the correlations up to System level - given a Predictive Model

6. Compatible with Managing Reliability in Design

e Framework handles reliability in same way as variability

Nassif, IBM:
“IMEC’s VAM is the only relevant method beyond SSTA”



Reliability mechanisms extensions

» Negative Bias Temperature Instability (NBTI) /
» Hot Carrier Degradation (HCD) V/

» Soft Break Down (SBD in oxide) /

o Soft Error /

e Breakdown in interconnect (TBD)

e Electro Migration

_ =



How to design under
uncertainty




Industry need — Overall project targets

_Offering design solutions to 45-sub nm scaling issues

-modeling the imperfection
-how to design with unreliable and unreproducible circuit parts

2. Enable a large class of runtime solutions for variability and
degradation issues (SKM)
1. Abandon the energy hungry “worst case” (guardband, corner simulation) design
paradigm
2. Reduce the burden to industry acceptance of these solutions
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Focus 2: Standardized Knobs & Monitors (SKM)

time countermeasures

A large family of runtime countermeasures
«fine granularity run time tuning

«does not change hardware design practice
— exchange speed and power continuously at run time

“Better than worst case” —design (BTWC)

— Circuit parts are nominally designed to be “just fast enough”, with “just
enough energy”

- Have an alternate mode which has guaranteed in spec, at the expense of
power dissipation

— At run time, most circuit parts run at “just enough energy”; few knobs
must be turned high.

Correction is at run-time. It can thus also compensate for:
- Temperature drift

- Ageing; several degradation effects.

32nm variability relaxes to 65nm “feel”
— Spread of variability “cloud” is effectively confined by the SKM

system -



Fine-grained Knobs & Monitors (SKM)
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Equip circuit parts with "Knobs & Monit0|J

Application
Environment parameters e What consists of?
Technology knowledge 1. Monitor flags spec (near-) failure

2. Knob changes circuit’s operating
point so as to regain spec

3. Control algorithm

algorithm Knobs and Monitors interact via the

circuit part’s I/0

J Why standardizing:

Acceptance by HW design community
- Interchangeability of each part

- Delegation of design (even across

Example of a Monitor: companies)
(Near) Timing violation circuit — Control algorithms become abstract
Example of Knobs: paradigms

Vdd, Freq., Line drivers with programmable current



Focus 2

Fine-grained Knobs and Monitors in

System

=Sl software
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Temperature drift and ageing
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Monitoring the system:

Synthesized
Netlist

use IEEE.std_luqic_1164.all;

entity subtraction is S e I e Cti O n a n d

port |

BROW IH: in $TD LOBIC: I n s e rti O n a t

X¥ IN: in 3TD LOGIC VECTOR (1 downto 0);

BROW_OUT: out STD_LOBIC .

DIV_0T: oue 3TD LOGIC RT L N et I I St
i

end subtraction;
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begin
{5 -- 4 to | multiplerer design with case co

source tad_skm.tc

16 - SEL: in STD LOGIC VECTOR(1 dovato 0);

7 1,8, C, Didn ST E0RIC; Analyze tagl_setup Svnthesize
ts - : : tad_insert

:; fom_g?\g?m out $T0 LOGIC = | ab orate - d_route y
20 process (X1 T, 308 1) ta d:constr

21 begin

B2 came XY INis

] hen "00" =» DTV OUT ¢= BROW IN;

o4 sihen 111 =5 DTV OTT <= nor (RROK T

125 sien 10" => DIV Q0T ¢ not (BROR TN}

28 sten "11" =3 DIV 00T ¢ BROW IN;

Br ien othiers = IV 00T <= '7';

22 end case;

29 end process;
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Standard Monitor: S-Cell characteristics

> A white box (=behavioral) representation of monitor included in a
Scan-Cell.

» System and Monitor circuitry synthesized by original synthesis flow

» TAD insertion flow interfaces with synthesis tool after elaborate register
allocation (design elaboration) and before logic synthesis and technology
mapping (design compilation)

System (clk, reset),

tad(clk, reset_n), DM —|_t

inputs ;
tad_si

tgd_so
Bl Mux l

S-Cell

mode_sel




Monitoring the delay of a critical path, actu

I D o Hain path Output :
|
| RTL Inferred FlipFlop 1%
! ' g
| ! o
[ _clk_—_f _____________ i E
rr-- - T T o=~ - - — - — == === = —
| a |
" S e N
I Delay Hag —
| Flemert R |
|
| % W |
! TADCIK
: TADReset |
| |
Lo Delay Semsor — — - - - — - —— — — — —
[N
1 .
Clk :l\: !
T —
P
: OliladaUuuvw urr uil uic
pt | delay monitor fails first,
- 1
P SO acts as a near-failure
{ = :
Delayed Inpu‘l| : warni ng
)
N/

~ -



Buffer is commonly used and strongly af
memory E/D = good places for knobs

e Buffers/drivers
ROW

Pre-Charge circuit

needed/present in DECODE
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Runtime switchable Pareto buffer enables adaptive|

tuning of the knob with low overhead

Vddh Vddl

ot st - Up to four options
C{ F can be included

Virtual Vdd

- Runtime switching
not very
frequent/depend on
tasks

- deployed in IMEC
(xDec + WL drivers,
etc.)

— High speed buffer

High speed option




8KB SRAM

- 4 subarrays

- improved control and
interface
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- 2 voltage islands with
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Technology: IMEC
130nm [layout]
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Post layout simulation:
65nm BSIM
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VVdd+ gate size knobs enables large low overhead

range in L1 SRAMs for variability compensation
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Runtime switchable eSRAM can effectively cop *

variability impact
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» Analysis to predict yield in
power/speed/VDD/°T/time/... domain is
feasible. It takes:

« sophistication of the available variability foundry information
Sophistication of variability models

Sophistication of flow and tools maintaining correlation and detail

« Solutions to avoid over-pessimism for reliability
IS possible: It takes:

Design for average case and avoid 6-sigma design

« Add the capability to self-tune the system at run-time to correct from the
possible timing violations: allocate slack only when/where necessary



Thank you

aspire invent achieve
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