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Andreas Burg

e 1994-2000 — Diploma in Electrical Engineering at ETH Zurich

e 2000-2006 — PhD. Studies in Electrical Engineering,
Integrated Systems Laboratory & Communication
Theory Group, ETH Zurich

e 2007 — Co-Founder Celestrius AG
e 2007- 2008 — Director for VLSI at Celestrius AG & PostDoc at ETH Zurich

e 2009-2010 — SNF Assistant Professor at ETH Zurich, Signal Processing Circuits
and Systems (SPCaS) group o e oser

= J standard-cell

e 2011 - present —Professor at EPFL, HE] LE) ,
Telecommunications Circuits Laboratory (TCL) %J - g
— Low-power digital VLSI signal processing " Turbo decoder o 2
55% memory (1 column)” osaoussy

— Low-power embedded systems
— Low-power embedded memories
— Reliability issues in nanometer CMOS

— Signal processing for wireless communication

— Prototyping and demonstration of communication systems
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Low Power Digital and System Design EAWS (A. Burg, 6h) (((ﬁ

Course contents

Objectives :
- To provide a basic introduction to power consumption in digital VLSI circuits
- To give an overview of the key techniques for designing low power digital VLSI circuits

- To raise awareness and introduce potential solutions for the difficulties associated with
ultra-low-power design in advanced technology nodes

- Provide an example of a low-power system design (ECG monitoring)

- Get acquianted with the anatomy of a basic low-power embedded system based on
commercial off the shelf (COTS) components

- Lear about the various system components and modes to be able to make design
decisions when using or selecting an embedded platform

- Collect some initial experience in using an embedded low-power system and its low-
power modes

)
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Energy Autonomous Wireless Systems

LESSON 2a - Low Power Digital
VLSI Design

Prof. Andreas Burg
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TOC: Low Power Digital VLSI Design

e CMOS Basics

e Active Power Reduction on Register Transfer Level
e Voltage Scaling and Sub-VT Design

e Leakage Power Reduction

e Low Power Memories

e Variation Aware Design

e Low Power and Variation Aware Design with Approximate
Computing

)
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Moore’s Law
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Frequency Trends (((ﬁ))) .
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Hennessy and Patterson, Turing Lecture 2018, overlaid over “42 Years of Processors Data”
https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/; “First Wave" added by Les Wilson, Frank Schirrmeister
Original data up 1o the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammaond, and C. Batten
MNew plot and data collected for 2010-2017 by K. Rupp
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Thermal Issues

Source: Intel
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Sun’s
Surface

Package cost
« 4-5W for cheap packages
« 100 W/cm? for air cooling
» 7.5kW/rack

Power delivery
* >1000 pins for power delivery
on a 100W processor

Performance penalty
« 25->100deg. C:30%

e Thermal Design Power: upper limit on power consumption

e Microprocessors for servers: ~¥30-100 W/cm?
e Mobile devices: “3W total (handheld)
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Power Consumption Bottleneck

e Mobile devices: energy-efficiency

Single-Many Core

Memory on Chip

Processors on Chip

Image/Video
Accelerator

Accelerators

Subsystem

—&— Energy used/2-day operation .- -
—— Energy/10cc Battery *
Energy
Gap

New use cases: web, email, video, 3D graphics
New use models: always-on, always-connected

e Battery capacity grows only very slowly

e Boost in the 1990s due to Mobile Phone introduction

e Capacity growth stalled
since 2000 at the limit
of Li-ion

e Only 3%-7% annual
improvement
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Low-Power Designh Overview

Constant Variable
Throughput/Latency Throughput/Latency
Energy Design Time Non-active Modules Run Time
Logic Design DFS, DVS
Reduced V i
Active LUt Vad Clock Gating (Dynamic
Sizing Freq, Voltage
Multi-V 44 Scaling)
Sleep Transistors
Leakage + Multi-V+ Multi-V 44 + Variable V5
Variable V;
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CMOS Basics




CMOS Transistors
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Basic Inverter in Steady State (ideal) (((ﬁ)))

— PMOS performs pull-up to
— NMOS performs pull-down to GND

e Complementary gate: output connected to either V, or GND
— Static (steady state)

VDD VDD
YAN YAN

VGS' = 0//'
1 © !
S| 5
[ — | 4 —/s
1° )

0: GND — — 1.V 1: Vpp — — 0:GND

- gl

@ 3

—>/ 8 —> [ 8

\ . )

Ves = 0p | T

GND GND

— Ideally, no current path from V, to GND

»

Ves = —Vpp,”
1

— ldeally, no static power consumption
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CMOS Transistors: Operating Regimes (NMOS)

e Three different operating regions
— Sub-threshold region: almost OFF

Ves—Vin
IDS — Ioe vgn |f VGS < Vth
— Linear region: resistive behavior
Ves > Vin

V2
Ips = B | (Vgs — Ven)Vps — =) if
2 Vps < Vs = Vin
— Saturation region: voltage controlled current source

Vee >V,
Ips = g(VGS — Vin)® if o

e Velocity saturation in new technologies:
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CMOS Transistors: Operating Regimes (PMOS)

(«
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e Th

ree different operating regions
— Sub-threshold region: almost OFF
Ves—Vin
IDS — Ioe vgn |f VGS > Vth
— Linear region: resistive behavior
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7) t

Saturation region: voltage controlled current source
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Vs < Vi

if
Vps < Vs — Vin

B
Ips = P (VGs - Vth)a

Ves,.»
4

;S
PMOS A

D

Vth<0

e
S
(9}

Sh

Ut — kT/q
B: gain factor

lq
. . . . Ugs ~Uad subthreshold 0
e Velocity saturation in new technologies: Uy | —
[t Gorp=0
% _: r'_i"l o
E _: saturairon
L [nm] 2000 1000 500 250 130 65 ... a8
o~ 16..165 | 145...16 | 13...15 | 11..14 | 10..125 | 1.0...1.1 P B S -
donp
.(l)ﬂ- MICRO-617 : EAWS / Low Power Digital Circuits Systems 16



CMOS Transistors: Parameters (((

The gain factor f is a function of process parameters and layout geomerty

_ Hépx [

tox L
where
tox gate dielectric thikness
Eox gate dielectric permitivity
U effective carrier mobility in inversion layer
W channel (gate) width _

Design parameters
L channel (gate) length

e Designer sets the drive-strength by controlling width and length of the transistor
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CMOS Inverter: In-Out Transfer Characteristic (Static) (((ﬁ)))

Inverter as non-linear amplifier with a large, but finite gain in the transition region

range applies when n-channel ¥ p-channel A
A 0 < Uipp < Uthn subthreshold linear V- _D)_ V
| B_n Uihn < Uinp < Uipy saturation linear inp oup
C Uinp == Ujny saturation saturation
| D Uiy < Uppp < Ugg + Usp p linear saturation fe Dominant during
E Udd + Uthp < Uinp < Uqd linear subthreshold transition region
A 1 Low indeter- ey
U, | Udd“"';‘hp J ) mmxate 1
U | _gan=v | u .| |
dd — did :
A _gain = -1
max — atte-
nuation i
12U, -2 . voltage e
atte-
nuation
E _ _ gain =-1"% _
0 » Uinp 0 » Uinp 0 | B —\]>—- Uinp
o O Uy b 0 U Yo o O U U U

(a) Transfer characteristic (b) Crossover current (c) Logic states

e Cross-over currents lead to power consumption during transients
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CMOS Gates With Capacitive Load
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e Various capacitances are merged into a single load capacitor (;
— Intrainsic MOS transistor capacitors (driver)
— Extrinsig (fanout) MOS transistor capacitances

— Interconnect capacitance

Wider transistors
Increase the gain
factor (drive) but
also increase the
load (capacitance)
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Dynamic Behavior of an Inverter with Capacitive Load (((ﬁ)))

e Switching implies charging and discharging of the load capacitance which
— Requires times and
— Consumes energy: charges (current) flow from Vj,, to GND

4

Vpp —» GND GND - Vpp

GND - VDD —_—l C VDD - GND
\ ’ i__ L

A
GND
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Dynamic Behavior of an Inverter with Capacitive Load (Delay) (((ﬁ

e Assumptions for a simple delay model for I/, > V- (nominal voltage)

— Current-carrying MOSFET operates in saturation throughout the transition

— Input ramp is infinitely fast

— Ignore cross-over currents

4

VDD - GND

e Delay depends on
— Load capacitance _{
— Transistor Length and Width
— Supply and threshold voltage
(overdrive)

AN
Heox W1
Ihe = ——=Vee = Vip)*
| DS tOX L 2( GS th)
Iou'p = Ips L@ /
—— t DS
T G Voup = J oug dt = T tpd
off L L
= o
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Dynamic Behavior of an Inverter with Capacitive Load (Energy) (((ﬁ

VDD
AN
e Energy consumed during one pair of transitions £ ;:
— Cross-over currents
— Charge pumped onto the capacitive load
(dominant): Vpp — GND

o Ey=(CVa)Vaa = CLVi, ] W
GND - VDD _ C
’ ' —

¢ independent of transistor geometry (width/length) \
e guadratic dependency on voltage

//
e Energy/transition GND¢
© E=CVia/2

e Power consumption = Energy/transition * transition/cycle (f) * frequency (f.x)

cLV?
e P= %ﬁfcm
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Active Power Reduction on
Register Transfer Level




Gate-Level Power Modeling (((ﬁ

e Power consumption is divided into
— Net switching power
— Internal power
e Internal power depends on actual input values

e Power is consumed even if output does not change

e Library files: internal energy characterization for each cell at given supply

voltage
— Internal energy (cross-current, switching) per change in each input and output
(as functions of input slope ¢, and output load ()

— Contribution to capacitance of the connected net (input/output load)

Efo(B,C,D,t) M

a EZo1(C)
Efo1(A,C.D, trr) = ll>0— C=C¢;+C,,. +Ch

- A
shascoy LG e [T
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Gate-Level Power Analysis Flow

RTL Gate-level
code netlist

Backend
design & CTGen

Final gate-

Parasitic/wiring __
capacitances

. Delay

level netlist

~ annotation

. Switching activity

~ Waveform trace

l

. Power

~ analysis
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The need for dynamic power analysis

e Static analysis (timing and especially power) does not account for transient

effects

o Glitches (dynamic hazards): single input change causes multiple changes in

the output

— Output: static analysis

is correct

— Static prediction of
switching activity leads
to wrong energy/power

estimates

— Dynamic simulation based
power analysis provides reasonably correct results

¢ Transient effects

A

ABC 101 000
X I
‘ o
—i
Gate Delay

— Partial transitions: not captured by power analysis

Chut,

' e

v v

Out;

-

Voltage (V)

Glitch

3.0 v | v T

20—

0'00 200 400 600

Time (ps)
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e The clock is a major source of power consumption in many
synchronous designs




RTL Power Reduction: Clocking

e The clock is a major source of power consumption in many synchronous

designs

— Clock distribution network (clock tree)

— Intrinsic power of sequential elements (even when data input is constant)

Clock network:

B =2

m o
m vV

J J

_[>_

\/ ©

Y VY
2

\/ O

\ J
|

Clock tree: distribute clock signal with
minimum skew to all sequential elements

D Q D Q
D+ =V

Clock input still toggles even when
no new data is latched (FF disabled)

m
P
O =

i Example for DFF in 90nm CMOS'

Cell internal power 0.006[p olo0.013
in [pJd/transition]

Clock input still toggles even when
no new data is latched (FF disabled)
causing significant power consumption
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RTL Power Reduction: Clocking (((ﬁ

e Clock gating: reduce power consumption by disabling the clock for

— Inactive parts of the design (coarse grained)
— Disabling FFs without consuming internal power (fine-grained)

E-------------------------------------E Need SpECial CIOCk'gating Ce”S tO prOteCt
against glitches in the Enable signal

: EN o Qfff :
Disable g _—&_> g
. . [ !EN

—D_ R DQ ........................ : A / _ EN__DYQ\ _}
>4 2| e
>_

Power consumption can be on the order
of 2-3 FFs: consider overhead!!
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RTL Power Reduction: Clocking

e Double-data rate design
— Clock network has the highest activity factor (f = 2)
— Two transitions per clock period with only one transition triggering a state
change

e Replace FFs with double-edge triggered FFs
— Clock frequency can be cut in %2 for same number of operations

>t
EN

[ P> = H -

V © \Y4

\/ ©

>_

50% power reduction in
the clock tree, but DET-FFs
can involve a power overhead

\/ O

>_
>_
>
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RTL Power Reduction: Logic (((ﬁ))) .

e Operand isolation
— Logic consumes power whenever the input changes

— Computation of unused results consumed unnecessary power

e Example: ALU

1
1
i
H |
: ]
\
1
1 _: \\,\
| I R T —— rmm—— Uy mpmmmfmmmmm—— .
] o L S m o m o] * m o m o
> > V> I > > >
O O L___ol O O O O
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RTL Power Reduction: Logic

e Silencing: avoid activity in unused logic
— Unused logic is not always immediately preceded by registers
— Avoid changes to the input of unused parts of the logic

nunnn

Latch-based:

« Silencing immediately )00@00(
effective (no penalty cycle) :
* More power while

transparent

AND/OR-based:

« Silencing requires one
penalty cycle )\ H— :
» Less power while transparent XXX XXX X
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Voltage Scaling and Sub-VT Design




Voltage Scaling: The Sledge-Hammer for the Low-Power Designer (((ﬁ

Supply voltage down-scaling (V4 V) leads to...

Fluadratlc improvement F ded
in energy

f <V Linear reduction
ad in speed

Cubic reduction
in power

P o f-Via =Vdq

)
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Voltage Scaling (Impact on Speed) (((ﬁ

e Inverter Delay as proxy for critical path delay (max. freq.)

VppC
¢ ppLL

pd”~ W
T.ucox(VDD - VT)Z

e Delay as a function of the overdrive *°
(supply voltage above V7) 5

4.5}

— Impact on maximum frequency af
VDD 4\ > fmax 4\

VDD \l/ 9 1 fmax \l/

fmax"'t_
pd 2t

tp(nnrmalized}

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

)
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Dealing with Performance Loss is Easy (((ﬁ)))

COMPARATOR
=
Il
=)

Area = 636 x 833 u®

Critical path delay: T,y4er + Tcomparator = 22 NS
Frequency: f . = 40 MRz

Total switched capacitance = C

Vg = Vier = OV

Power for reference datapath = P s = C oV orFrer

) .
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Dealing with Performance Loss is Easy: Parallel Datapaths (((ﬁ

COMPARATOR
»
m

COMPARATOR
o

s
(o
5|~ %

Area = 1476 x 1219 p2

The clock rate can be reduced by x2 with the same
throughput: f,,. = f/2 = 20 MHz

ref
Total switched capacitance = C,, = 2.15C

Vpar = Vref! 1.7
Pnar = (21 5Cref)(vref!1 -7)2(fref !2) = 0-36Pref

)
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Energy proportionality: Energy ~ Work

westfN1796 fotnsearch.com

Rarely achieved over a large range...

Beyond energy proportionality: Energy ~ W‘"’k/ﬁme
Doing things fast is more difficult than doing things slow

Even more difficult to achieve!!

BUT WHY?




fixed voltage
operation

variable
voltage
operation

Energy per Operation

Energy per operation as a function of voltage and clock rate

Observation: better energy efficiency for higher frequency at
constant voltage.




Leakage Power and
Leakage Power Reduction
as Main Overhead in ULP Systems




Impact of Static Currents (Overhead)

Tek ((C, V2 1
F = j ( LVad ;
0 2 Teik

+ VddIstatic> dt

Total Energy
Consumption

\

I VDD

Static Energy | I
Consumption I |Ls

!

Dynamic Energy
Consumption

[
HERE
i
Tcik [ e
B
J VddIstaticdt ¢:
0
OCVddIstaticTclk 1 -
OCVdd
Teik

j T C Vg, 1
0 2 Tk

2
CLVia

b

)
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Ultra-Low-Power Design: Sub-Threshold Operation

e Scaling supply voltage below the threshold voltage

— Transistors operate in the sub-threshold regime

e Impact on gate delay

- C1Vbp
pd — Vpp—Vtn
Ioe ven

— Reducing supply voltage rapidly (exponentially) increases the delay

— Sensitivity: a small variation in I/, or in VV;,; leads to a large change in
delay (see later -> variability)

Gammie, G.; Ickes, N.; Sinangil,
M.E.; Rithe, R.; Gu, J.; Wang, A;
Mair, H.; Datla, S.; Bing Rong;
Honnavara-Prasad, S.; Ho, L.;
Baldwin, G.; Buss, D.;
Chandrakasan, AP.; Uming Ko, "A
28nm 0.6V low-power DSP for
mobile applications,"” Solid-State
Circuits Conference Digest of
Technical Papers (ISSCC), 2011
IEEE International , vol., no.,
pp.132,134, 20-24 Feb. 2011

l 10
- 4= VDD =0.5V
8 —a—\/DD =1. g
z
i =
Q
&
p. 0%
ptedl 0~-_._‘_
0 - ee ¥ i
0.4 0.6 C.8 g 1.2 14 16 18 2 2.2 2.4 2.6

Total Delay / Nominal Delay
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Ultra-Low-Power Design: Sub-Threshold Operation

e Near/below VT operation:

. ) Sub-Vth ! Near-vin
Exponential delay/leakage increase Region ! Region
Minimum energy voltage: balance

between leakage and active power

consumption

Energy/Operation

Super-Vth
Region

~ 10X

Large Energy
Reduction

J. Rodrigues, PATMOS 2011, Keynote |
Large Delay|, | Balanced
45 1 ] Increase || Trade-Offs
10
AT 10 . :
. [
35+ 107 ©
1072 g S I
3 r 103 c o |
25+ 10" >v§
5 | o
0 A D =
2 - 01 02 03 04 05 064 A<t
@
D
e
-

Energy Consumption per Operation (pJ)

Energy

Leakage —=—
Switching —=—
_ N Tgtal

0.2 04 0.5 0.6
SupplinVoltage (V)

Relatively flat around EMV
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Ultra-Low-Power Design: Sub-Threshold Operation (((ﬁ)))

e Real-time embedded system requirements

— Handle a given workload with lowest power consumption

e Optimum solution
— Operation at the energy minimum voltage with power gating during
idle periods to avoid leakage

— But, power gating is only effective when idle periods are long and
memories can often not be power gated and are the major source of
leakage

Operation @ EMV JEREREEEEER

with power gating

without power gating

OperationbelowEMV| 1 1 1 1 [
without power gating
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Leakage Power: the Hidden Evil

¢ Transistors leak currents even when in off-state

e Sources for leakage
— Sub-threshold leakage

e Dominant component in most circuits

— @Gate tunneling

e Generally low, even in modern technologies due to
high-k gate dielectrics

e Decreases very rapidly with decreasing V4

— Junction current
e Generally low
e Decreases very rapidly with decreasing V4

Vout=10 d

2 PR s 9 Y

reverse

I .=A-J5(

p-substrate

+

vd
o
n+ D+ n+
u L_) [ _[ .e okl
subthreshold — O
n-well

aWV-vy)

ql ‘bias

e it —1

)

S

7

'
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Leakage Power (((ﬁ)))

Vés—Vtn 102
e Long channel deices (>130nm): Ips = [je vttt 10° |
— Ips mostly independent from Drain-Source Voltage :2:
— Leakage current depends strongly on V. — V;j, < :zj '
e Decreasing threshold voltage increases leakage DRRTE]

e Impact of technology scaling on sub-threshold 1o

10—12

Ieakage (<130nm) 0 01 02 03 0.4v;).85\!0.6 0.7 08 09 1.0

— Drain-Induced Barrier Lowering (DIBL): I/, modulates threshold voltage

- Ipg becomes a function of V¢
Ves—Vint4psVps
— v+rn
* Ips = lye ‘

| —Vn+ApsVpp +—— Voltage scaling

s [ = Ipe ven reduces leakage
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Leakage Power over Temperature (((ﬁ)))

Drain current depends exponentially on thermal voltage v, = kT /q
Ves—Vin
Ips = lpe ¥t"

e Exponential I5 increase with temperature

10,000
90 0.1pm, 15mm die, 0.7V 56%
0.10 7
= n= 80 @ Leakage 49% :"”/;
: m Activ
1.000 = o | mActive 1% 7 é
. N o | 3% g é %
SUE (].l l-l.l'.l'l) V) 1994 26% % g g ﬁ
40 [ R ﬁ é é é é é é
30
10 20
10}
1 0
30 40 50 60 70 80 920 100 110 3040 S0 60 70 80 90 100 110
Temperature (°C)
Temperature (°C) .
Example: 0.7V, 100nm
process, 15mmz2 die
Vivek De, Intel
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Technology Trends in Power Consumption (((ﬁ

e Constant-filed scaling: for given circuit at constant frequency, scaling
— reduces dynamic (active) power consumption

— Increases leakage power dramatically (due to Vth reduction)

e Vth scaling limited => Vdd scaling limited => impact of technology scaling

decreases
— 2 ——
1.2 ,",‘ DIEEE 2003 120
€ PLEak /
1\".;\ 11005 @
— Y s Subthreshold leak
= 08} {so o6 2 i
5 .\ = E (Active leakage)
g 06} s Yoo {eo 3 21T
° S, S~ = —
S oal Technologgh_ ~1 40 E ﬂ?-: N
node . = S ~
0.2 120 2 ~— -
o VH Povnamc ™ = = |
A i A i " i 0 o ™ . ™ 2 »
2002°04 '06 ‘08 10 12 14 '16 gnuz ‘04 '06 '08 10 12 14 16
Year Year

[Ref: T. Sakurai, ISSCC'03]

e Leakage: important role compared to low active power and long standby
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Modern technologies offer different device flavors (((ﬁ)))

e Devices with different threshold voltages => can often be combined on
same die/wafer

o Different process flavors (can typically not be mixed on same wafer)

1000 ¢
- 1OV PMOS NMOS
100 & //
- High
- Performance
10 &
- Std
Leakage i Performance
(nA/um) 2
0.1 L
0.01 % // Low Power Better
0001 - ] ] ] ]

0.0 0.5 1.0 1.5 2.0 2.5

M. Bohr, Intel Developer Forum 2009 Drive Current (mA/um)
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Modern technologies offer different device flavors

Transistor :

Logic Low Power HVIIO
Transistor Transistor Transistor
(HP or SP) (LP) (1.8Vor3.3V)

b4 ‘“l 54

Logic iLow Power: HV 170
Type (option for HP or SP) : ! (option for 1.8 or 3.3 V)
HP SP LP 1.8V 3.3V
EOT(nm) 0.95 0.95 0.95 ~4 ~7
vdd (V) 75/ 1 75/ 1 0.75/1.2 | 1.5/1.8 | 1.5/3.3
Pitch(nm) 112.5 112.5 126 min. 338 | min. 675
Lgate (nm) 30 34 46 >140 >320
NMOS Idsat| 1.53 1.12 0.71 0.68 0.7
(mA/um) | @1V @1V @1V 1.8V 3.3V
PMOS Idsat| 1.23 0.87 0.55 0.59 34
(mA/um) | @ 1V @1V @1V 1.8V | @3.3v
loff
(nAVum) 100 1 0.03 0.1 <0.01

e Sometimes IO transistors are an interesting option: low-leakage, high-VT
but large distance to core transistors in the layout required

.(l)ﬂ- MICRO-617 : EAWS / Low Power Digital Circuits Systems
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Leakage Power Reduction




Threshold Voltage Selection

(33)

e Modern process technologies support devices with different threshold voltages

— Typically three flavors: low-VT, standard-VT, high-VT
— Often all three flavors can be mixed in the same design

e VT-selection: tradeoff between speed and leakage

tox L Vbp

e Example: 55nm process

HVT SVT
Delay 20ps 16ps
Leakage 30nW 60nNnW

— Small increase in speed comes with a significant leakage penalty

 ugox W (Vpp — Ven)® lieax = loe

—Vin+ApsVps
ven
LVT
14ps
200nW
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Multi-VT Design

e Design tradeoff when choosing a VT flavor:

— Less leakage (high-VT) increases delay and vice versa

— Threshold voltage types can often be mixed

e Multi-VT design

D Q

D\

— Use low-VT cells only on critical paths

— High-VT cells are used in all other paths
e Methodology:

Do

Caveat: can be very problematic
for near-VT or sub-VT design:
path delays scale very differently

— Either done by replacing non-critical cells in the backend OR already during
synthesis by providing multiple libraries (HVT/SVT and LVT)
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Body Bias Modulates Threshold Voltage (((ﬁ)))

e Body of the transistor is often connected to the source (no body bias)
<« Vs <0
e Introducing a body bias modulates threshold voltage 0 G'°| !
— Forward Body Bias (FBB): increases threshold voltage L
— Reverse Body Bias (RBB): reduces threshold voltage 0 j‘ Vs >0
2 A
_ D
* Vin = Vino — AgsVas —l
e BULK CMOS: Vino <0
— Effect of body bias decreases for 015
technologies below 100nm 1onm
1 i 210 mv
— FBB is limited to ~300mV to avoid sorm
operating junction diodes in forward < 005 s I R Qe
direction F T .
<1 OHgsnm [~ s 55 mV
005 Fr e ____________.___'__________-_:-___-_-_-_____-_-_-'_-Z-t_;
_G'LZI.S 0 05
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Body Bias for Leakage Reduction

(ac

e Application to logic

Vs » Vs »

o sk o 5! —

G:h_ G | Gen
D

D
D D
G| G BB
T ' | Gen
N S N S
Ves™» Ves™»

— FBB improves speed, but also increases leakage

— RBB reduces leakage, but also increases delay

e Dynamic body bias:

— Adjust BB (threshold voltage) dynamically for sleep-mode and active-mode

— Generation of bias voltages involves overhead

e Voltage regulators (usually only very small currents)

e Generation of negative or >VDD voltages (switching regulator)

Forward Body Bias Reverse Body Bias
.................. PMOS
.................. PMOS
.................. NMOS
.................. NMOS
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Body Bias in FD-SOI Technologies

— Thin un-doped channel

— Thin buried oxide layer (BOX) isolates
channel from the body (back-gate)

— Body contact allows to control the back-gate

e Advantages:

— Un-doped channel avoids V;; variation due to RDF compared to Bulk-CMOS

10000

— Threshold voltage modulation
through back-gate

1000

100
— Large back-gate voltage range and

high V;;, sensitivity: 60 mV/V

=
o

Leakage (nA)

0.01

0.001

____
Pt
-
-

. / FBB 3V

-~ FBB 2V

LVT FBB 1V

noBB

. ®pB4

PE16 & mFBBVIdZ |
RBB -1V / RVT

RBB -2V .

-

T
0 100

T
200

T T T T 1
300 400 500 600 700

Frequency (MHz)
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Leakage in Transistor Stacks (((ﬁ)))

e Stacking occurs

— In many logic gates (> 1 input) Leakage Reduction

— When introduced intentionally for leakage reduction 2 NMOS 9
3 NMOS 17
—VM—VintinsVaa—Vm) 4 NMOS 24
Ileak,Ml = Iye ven 2 PMOS 8
3 PMOS 12
4 PMOS 16
—VintApsVm I
Ileak,Mz = lye vent ? 3 <19

...... 90 nm NMOS

Small speed ol i i hi i g
penalty: ~25% ! Z 1
= ps WML L
& P

\ \ 1

\ \
\ 4 ‘\ A 4 \\ 0.5

ot

Wm 4| W

II II

k k .::] H H H H H H H H H
- - 0O 01 02 03 04 05 08 Q0.7 0.8 09 1

Vi (V)
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Power Gating

(«

i

e Avoid leakage almost completely when individual design units are not used:

— Disconnect entire modules from the supply with headers and/or footers)

sleep -CH:T

Logic Logic

sleep -C”:T

e Objectives with conflicting requirements

Logic

-

— Sleep mode: large off-resistance to avoid leakage (stacking)

e PMOS preferred over NMOS and HVT over LVT, header+footer

— Active mode: minimize on-resistance to reduce negative impact on timing

e Sleep transistors require large area

e NMOS preferred over PMOS, LVT over HVT, footer-only
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Power Switch Boosting (((ﬁ))) .

e Improving performance of power switches

— Change gate-source voltage

T T T

Logic More overdrive Logic Super cutoff Logic
Vig + AV
Vaa Vaa Vaa
all all all
| GND L GND L GND =
sleep _AV

59
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Power Mode Transition (((ﬁ))) .

e Rapid re-activation of a power gated block can cause large spikes on the

supply network of the entire circuit VoD T
e Popular solutions: ] \
ILvoo
T =3
WDDL 4
lVGND

[on iLow e low flon | T,
| L-:jla-:;m quc!qu]i ; LgGic BLiOCPIKI['H || wee iLoqI;u: BLE?CK![?—H!
| GNDL ot bt b L :_':_1'_"__':3“' byl :_'_'_1':'__':3"'

E — N ——--—-vDD
VGND[O] W(/-\fwv VGMHD[1] & VGND[n-1] W/\

~-—op =0 - voo d i—
o L R @'

. t=0 t=0
33 .ﬁu vﬂu."\ Fa L
lVGND |
- - t=0
c _/ |ecnn
SIN I—{ SIN eee ’—I SIN I—{ SIN / R
T2 Th-1 T GNDL G;D L

TURN_ON Ao

Suhwan Kim, Stephen V. Kosonocky, and Daniel R. Knebel. 2003. l
Understanding and minimizing ground bounce during mode transition of #S’“ {IS’“ o 4@”" {IS”‘
power gating structures. In Proceedings of the 2003 international | eno
symposium on Low power electronics and design (ISLPED '03). ACM, oo TURN'Oug{ 1 '

New York, NY, USA, 22-25. DOI=10.1145/871506.871515 | |
http://doi.acm.org/10.1145/871506.871515

VDD
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L ow Power Memories




Memories are the limiting factor for cost and energy

 On-chip memories have a poor area density and often dominate chip
area and cost in many computing systems

« Memory often accounts for >50% of the active power and for 100% of
the power during sleep/standby periods in low-power systems

loT & MCU Mobile Automotive ML/AI & Server

| AliTo Al Exchange: ||

MediaTek MT3620, 40nm Apple A11, 10nm Tesla FSD, 14n - Gpore “
SRAM . 0/ > A ( " ), — P F
Area [%] 35% 31 % 36 @f@ ?5%@
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ITRS Roadmap Prediction on the Role of Memory

i

e Amount of memory (percentage) increases

e Leakage becomes increasingly relevant in modern technologies

6000 |

mwW
|

= 4000

power

2000

| | | | | |
2010 2012 2014 2016 2018 2020
j.f’E.*Clr

|
2022

|
2024
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Hierarchical organization of SRAMs (((ﬁ)))

Split large arrays into smaller sub-units (sub-banks and mats)
e Sorter word- and bit-lines (faster and less power)

e Can limit activation to only a relevant sub-array/mat

e Bank-decoding may start

to dominate the delay at

some point Subbank

(2-8 banks)

H-tree MNetwork

Cache
Memory

-
-ll.-_
—
-
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SRAM: Segmented (hierarchical) word-/bit-lines

e Hierarchical word-line

— Reduced capacitance on the word-line

— Slower, due to delay of the local decoder

WL _— WL _—
y I y I
| 1|:1: LWL 1|:1:1 | - _..-/I 1|:1:1 1|:1: LWL 1|:1:1 | - _..-/I
wL,, U3 B COLE LD Jm_m_ ] EE COLE LD] |«
= e vy s ] R vV S m—]
TR E “E LD gl “Ey LD
BL, BL., BL..,, sk, BL, BL., BL..,, sk,
e Segmented bit-line SWL _Li
— Reduces bit-line capacitance (mostly from Switch to ol
isolate [
access transistor junctlon capaatance) segment LBL;;
[
.pe SWL., | L
e Enables smaller sense amplifiers T
 Better speed and lower power o
BL, N
Margala, M., "Low-power SRAM circuit design,"” Memory Technology, Design and Testing, 1999. Records of the 1999 F;BLH'”
IEEE International Workshop on , vol., no., pp.115,122, 1999 e
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SRAM: Pulsed Wordline & Bitline isolation / Clocked SA

(«

e Normal operation:
— Precharge of both bitlines to VDD
— Word-line opens access transistor
— One bit-line starts to discharge

— Sufficient voltage difference: sense amplifier
pulls one bit line up and one all the way down

e Sub-optimal in terms of power:
unnecessary discharging
of one bit-line

:

- L -

S

e Pulsed scheme:

— Decouple bit-line from SA
before activating feedback

[

— Avoids completeBL = .........
discharge

— BUT: isolate/sense timing
becomes critical (sensitivity
to variations)

sense

WordLi

ne

BitLine

PU1 I:’—I

|:|

PA1

0

1"
PD1

auilig

i

—1L

<L
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SRAMs at low voltages

Standard 6T SRAM becomes unreliable at scaled voltages

due to process variation

e 28nm technology: 6T SRAM functional down to 0.7V

6T SRAM cells rely on
rationed circuits

e Mismatch between
access and pull-up/down
transistors during
cell access

BitLine

WordLine

auijig

)

SANNE
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SRAM failure mechanisms at low voltages

e Write-failures: inability to write
e Access-failures: inability to read

e Read-failures: pre-charged
bit-line flips cell content during
read

e Hold-failure: content flips
without access

0.7 : ! )

T I —

| I AU MSUSE VA N S—

(VY SSRSSSN SN | NS WO O S S—

>

& J

£ : : : P :

g 0.3F . .
S ; ; ; ;

2 : s : . ' "right

& 1 ] OO O SO i A F}f .............. .
@ » : : : :

Gnd

0---.-------"----'--.-.-.

0 1 2 3 4 5 6
Time (ns)

Supply Voltage (V)

Supply Voltage (V)

0.7

0.6—-- - T——

Stable ‘1’

| EORRROUUE: SRR SV

| RSSO P ——

Unstablel ' Q.— .\

Uns‘tﬂhle"l

24 28

28 a 3.2 3a 3.8
Time (ns)

Hrlte

1
Wordline

(Failed 1——}0

0.85 049

0.95 1.05 1.1
Time {ns)
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SRAm Stability Analysis at low Voltages: Static Noise Margin (((

e Static noise margin (SNM): maximum amount of voltage noise that can be
introduced at the output f the back-coupled inverter pair while maintaining
stability

— Draw transfer characteristics of the two inverters

— Diagonal of the largest rectangle that can be embedded between the two curves
BL WL BLB

QB (V)

Inverter | Inverter 2

BL prechtol yyy_; BLBprechtol

(b) - —

Q (V)

Calhoun, B.H.; Chandrakasan, A.P., "Static noise margin variation for sub-
threshold SRAM in 65-nm CMOS," Solid-State Circuits, IEEE Journal of ,
vol.41, no.7, pp.1673,1679, July 2006
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Alternative SRAM cells for low voltage operation

Objectives:

e Isolate the read-path from the RBL to avoid read-failures

e Remove or weaken feedback during write operation

BLC

(a) ()

M4

il

M7

RWL

e Generally: considerable area penalty

REL

Wil

WEBLT

WL

WELC

WL Wi

RBL
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Latches: the perfect low-voltage SRAM cell

Most reliability issues of 6T SRAM are avoided by latch

e Write failures: unusually strong keeper ¢ feedback disabled

e Read failures: degradation of SNM < isolated output

e Hold failures: SRAM bitcell = latch in non-transparent phase with still

good SNM at VDD=300mV

300 ! T INV4
| | Standard-cell latch
03 d 050 INVT | E Q
02 | [ |
j 2000 o o A
—. 0.2 ol 5 — 3
= < : et
3 5 180p | |
.3 0.15 3 | | | =
© 400} ‘ =
B | | | [ )
0.1 : o
0.05! 50 Disable .5
| | 0 keeper, =
0 ‘ ‘ e — 0750 80 100 No fight 3
0 0.05 0.1 0\./1 Vi 02 025 03 Minimum SNM [mV] 1%
in
Meinerzhagen et al., JETCAS’11; [1] Calhoun et al., JSSC’05; [2] Calhoun et al., JSSC’07
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Standard-Cell based Memories (SCMs) (((ﬁ)))

Assemble small memories from standard-cells St
* Robust against voltage scaling E o
e Inherently low power ey
. S Meinerzhagen et al., MWSCAS’10

* Generic description in any HDL Roth, Meinerzhagen et al., A-SSCC’10
* Any desired size is possible 128x32 Controlled SCM Macro
e Modifications at design time S | E
e Portability (unless custom cells) % (
e Fine-granular organizations S |
e Automatic or guided placement - ik

O Sl
e Merge with logic (where appropriate) o Sk
e Avoid power routing c |l

o ||k

L e
Main drawback S L
Temanetal., | HiEIGEE i

e Area (if storage capacity > 1kb) ASP-DAG 201 S e A_s;.o‘m; i |
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SCMs best practice

(33)

Write Logic e C columns
> Clock-gates (b): smaller i 5 Dataln(C-1) Dataln(0)
and less power than :z..D o D?.f'a'”(é’”;.__* Dataln(0) T_D 5L T_D -
enable flip-flops (a) e g P oy led 7L |
S T o) oek s 1 G ! ' 2
Read Logic oFz- r’( : |_ o ' twordline ! :
Add < . Clock
> Ab VT ' S ECHE ! ockgate 1 (gated clock) |
7 R ———
Multiplexers (c): : :
smaller, faster, and less (a) Enable flip-flops (b) Clock
power than tri-state s s S EE o
buffers 23 % X %
» Sub-VT i : | z
v’ Tri-state buffers (d): 95 ;5 - z -Ds: 71~ _D%Q T
less leakage (energy) .18 I ' B 2 & ' '
than multiplexers < s T T7 ) )
Array of Storage Cells DataOut(C-1) DataOut(0) DataOut(C-1) DataOut(0)
> Latch arrays smaller than (c) Multiplexers (d) Tri-state buffers
flip-flop arrays, but longer
write-address setup time
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SCMs Outperform 6T SRAM Macros und nominal Voltages

(ac

e Lower read- and write-energy
e Lower leakage power
e Sometimes even better access speed

140% AN o M Non-Controlled |

-

< % § Wl RFM

2 120% S0 W HDM

— [ ]

S S g H HPM

S 100%

£ 3 &

O 80% I o

4 € S

S 60% © s

=

[1D]

Q

S 40%

o

o]

o,

o

=

Q

O

v
 Hullm d

Read Power  Write Power Leakage

|

Setup+Access
Time

350%

300%

250%

200%

150%

100%

50%

0%

Size

Bigger

Smaller
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Sub-V; SCM: Insights and Leakage Breakdown

Large memory arrays:
little switching activity 10° L
» Total energy is

dominated by leakage
» Active energy

negligible, except for 102 1% S .
smallest SCMs = % ot §
> Only smallest SCMs 2 SRR e
reach EMV in sub-V; % f
domain 4 10° Simien S
- Minimize leakage! : 5 <
Rest _ SCM 0
10 | i i :
Leakage ; i i i i ;
Breakdown 0.1 0.15 0.2 0.25 0.3 0.35 0.4
op V]
P. Meinerzhagen et al., JETCAS’11
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Custom Cell: Low-Leakage Latch with Tri-State Output

@)

Best practice for low leakage

1. Lowest number of V ,-ground paths
2. Highest resistance on each such
path

» Tri-state buffers
» Stacking & stretching for inverters

Stacking factor: max 2 D Ot

Channel length stretching: 2L,

CE G

CKE &

Convert output buffer to tri-state
buffer to avoid static CMOS muxes

1
L, Tri-state-
] enabled output
OFE C—d
] EDRe
]’ CER ]’
] — 0
] ]
jr_ —
R R
] L ]
1| L 1
- o— CKEB T -
E |
[_CK Stacking &
stretching
L
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Test Chip: Architecture of Low-Leakage 4kb SCM

» Write logic uses clock-gates

» 3-state buffers used for read operation are integrated in low-leakage latch

32 columns

........

Dataln(31) Dataln(0)
. () 0 J—
2 a1 27 2]
= 2| oK | oE 2| o
© Write WL T
Clock -
gate Read WL
= .. I
So-2 g iz
: 1€ &
Read WL s 1
3-state read logic !
(1 column)  pateout(31)

Custom
low-leakage

standard-cell ,

—
oE o4

oEs o]
—

Meinerzhagen et al., ESSCIRC 2012

11 L1

CKB

CK

(LT I-I.Irl‘lll-l- l'fl'ﬁ!

128 rows
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4kb SCM Test Chip in LP-HVT 65nm CMOS

Chip microphotograph and zoomed-in layout picture

Area cost of 12.7 um? per bit (including peripherals)
315um

. <€
Scan-chain test

interface

Functionality
verification:

W/R random and
checker-board
patterns

W
1o
1o
o 5
o O
o =
o 2.
>

Oven to control
temperature:
27 or 37°C

)

SANNE

78



Silicon Measurements: Active Energy is 14 fJ/bit-access (((ﬁ)))

Measured energy per bit-access performed at maximum speed

Measured energy minimum is 14fJ/bit at 500mV, 110kHz

26 T l T T T
O f= 1{3 kHz Maxlmum speed operatlon
24""';1' """ e AR T“Q?' G A T
. ' : : ' .
227 PR L RN SRR R
=
= 20f
3
5 181 %
I S
16 1o
: O
=
147+ RRREEERREEEERE .
+ D : 5
12 = =110 kHz | .
400 450 500 550 600 650 700
- [mV]

\\\\\\
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Silicon Measurements: Leakage Power is 500fW/bit (((ﬁ)))

At VDDhold=220mV, data is correctly held with a leakage power of 425-
500fW per bit (best and worst out of 4 measured dies)

12

At 37°C (typical for
biomedical implants)

e \VDDmMin=400mV

-
o
!

E
<
(instead of 420mV = 8r
at 27°C) = .. ; - ,
. . QO 6 . - : - I | I o _ Yo % -5 I .T..__._...!
* Maximum operating = _ S .
fre doubl o |y . el IO s MW
quency doubles iy , . /’ Sl
e But: higher leakage E’ 4, Voonod=0.22V ="~ G8EP7 " Ak
' : DO - CaZullgywy” 4
power g ",—' ;.:-5.;& NoGEEE
4 2 sl G [
e Low retention voltage 0 D il E 5 .
is key for low power 0.2 0.3 0.4 y O[%] 0.6 0.7 0.8
DD
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Comparison with Prior-Art Sub-V; Memories (((ﬁ)))

Benefits of designing 1 custom standard cell

e Leakage power reduced by 50% (at no area increase) w.r.t. commercial
standard cell latch [Meinerzhagen et al., JETCAS’11]

Considered work: Full macro, measured, 65nm node

____

Voomin [MV]

Vophoid [MV] 230 250 500 250 220
Eiotpit [FI/DIt] 54 (0.4V) 86 (0.4V) - 55 14 (0.5V)
P cakbit [PW/Dit] 7.6 (0.3V) 6.1 6.0, 1.02 - 0.5

a Leakage-power of bitcell only

[1] MIT: Calhoun and Chandrakasan, JSSC 2007; [2] MIT: Sinangil, Verma, and Chandrakasan, JSSC 2009;
[3] Intel CRL: Wang et al., JSSC 2008; [4] STM: Clerc et al., ESSCIRC 2012

e Lowest leakage-power/bit ever reported in 65nm CMOS
e Lowest active energy/bit-access ever reported in 65nm CMOS

e Reduce leakage in array and periphery!
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ReRAM-based Non-Volatile Flip-Flops

(33)

Goal:
e Instant-on computers

e Low-, or zero-leakage sleep
states

Conventional approach:

e Power gating

e Low-leakage (high-VT) state
retention latches on
separate supply

Future trend: non-volatile
FFs based on new materials

e Exploit ReRAM technology

¢ Integrate it on top of CMOS
chips

Voo'r

.

Input &
output
FIFs

coveb

Data out
—

Data in
—

Combinational Logic

T

Voo T

| —

(a)

il

!

Data Data
High-Vry |fecall| jnput& | out,
Retention | Data | output | Data —por 1>
Latches | Store FIFs An_ | Combinational Logic
Sleep —L N,
(b)
vDD
Sleep
T Data T Data I
_ recall Input & out s
M::;;‘s‘::r E Data output Data m ﬁ
store FIFs in | Combinational Logic

.

| —

[C.-M. Jung, K.-S. Min et al., T-NANO’12]

Vss Jy

()

Power
A

Active Active

Sleep

—
Time
Power
A

Active Active

ctive

Active

Zero standby-
Power during
the sleep time

Time
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OxRAM-based NV Storage (((ﬁ

Resistive memories / memristors: based on new materials that change and keep their
resistance even when power is off

e Based on a new material that can be deposited on top of standard CMOS process

10l Read
Ye e Based on resistance value
5t g e Low current/power/voltage
)l
= Of Write:
5 HRS = 1.4 MQ e Switching of OXRAM resistor
LRS =800 k2 e 10uA current compliance
_10 e 12V pulse for programming

-4 5 0 > 4 * Needs relatively high
power/current & voltages

Fig. 1. Al/TiO2/Al ReRAM stack switching under 10 yA current compliance.
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Design for Nominal Voltage Operation (180nm, 1.8-2V)

Slave
o m oo
Normal Mode 'T:l Equalize I:T
e \Nrite Mode : |t ﬁ 4
Read Mode : CH:T _4
' x
l___M_agtgr____l: g
' CLK CLK |
| L1 e 1 Q1
P T | a
|
| ||
| f 0.44 |
___________ I 0.4u
REII-\D

IREAD IREAD

I. Kazi, P. Meinerzhagen, P.-E. Gaillardon et al., EPFL

cLk JUULn

Read I

Equalize

write —— 1

VDD Write
VDD

__________ I

Mode Normal ) Store X Power Off } Equalize} Recall X

Normal

1us for Vpp = 0.4V; 6ns for Vpp = 0.8V; 3ns for Vpp = 1.8V

1.3ps for Vpp = 0.4V; 30ns for Vpp = 0.8V; 10ns for Vpp = 1.8V

Normal operation

e Conventional slave-latch
Transition to sleep

e Write input to ReRAM

e Requires high nominal
voltage of 1.8-2V

Wakeup

e Restore state from ReRAM
into regular latch

e Pre-charge / evaluate
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Design for Low-Voltage or Sub-V; Operation

(ac

Modified circuit for better matching of differential

restore-network

r
Normal Mode |
= \Nrite Mode ! l"

Read Mode

]
IREAD IREAL
high/flow low fhig.
p

I. Kazi, P. Meinerzhagen, P.-E. Gaillardon et al., EPFL

o(LRS)=0.2u(LRS)

100

QOccurrences
(4]
o

O

40
I~ [nA]

read

Normal operation

e Conventional slave-latch at
scaled (low) VDD

Transition to sleep:
e Write input to ReRAM

e Requires separate high-VDD
voltage of 1.8-2V ->
expensive in terms of power

Wakeup

e Restore state from ReRAM
into regular latch

e Pre-charge / evaluate

.(l)ﬂ! MICRO-617 : EAWS / Low Power Digital Circuits Systems

85



Energy Characterization: Near-V; Minimum-Energy Point (((ﬁ)))

Transition to and from sleep mode (write/read) incur significant overhead,
especially when operating at low voltages in active mode

e Longer read pulse if entering sub-V; regime - energy savings saturate

e Energy cost to rise V, to 1.8-2V for write increase

1000

I Read
I Write

800/ =H= Normal operation (5 cycles)

600

Energy [fJ]

400

200

VDD=18V VDD =0.8V

I. Kazi, P. Meinerzhagen, P.-E. Gaillardon et al., EPFL

VDD = 0.4V

Need for high voltages/current for

writing offsets advantage of ReRAM

over low-leakage FFs without power

gating

e Minimum total read+write energy is
735f), found at 0.8V

e 1.47s break-even compared to ULV
ultra-low leakage latch [P.
Meinerzhagen et al., ESSCIRC’12]

e Effective only for long sleep periods
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Variation Aware Design




Sensitivity at Different Operating Conditions: Voltage Scaling (((ﬁ

Introd U tainties

OpenRISC Processor
“Cappucino” core in
28nm FDSOI

Timing is extremely
sensitive to voltage

Frequency [MHz]

FF28_1.30V_M40C_2EY

FF28_1.15V_MA40C_2EY

FF28_1.05V_M40C_2EY

TT28_1.20V_125C

T7T28_0.92V_25C

1128 _0.81V_M40C_2EY

S$S28 1.10V_M40C_2EY

$528_1.00V_M40C_2EY

S!

R 0.-90V_M40C_2EY

$528 0.80V_INQC_2EY

$528 _0.70V_M40C

138

$528 0.60V_M40C Y 13

0 500

m wireload model

1172

1000

m topo mode (phys. lib)

2208
2028
1949
1808
1631
1605
1715
1605
1500 2000
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What is Variability?

— Variability summarizes three different problems

True randomness
00000

Lack of
knowledge
‘XX EXYN )

Inability to model:

&chaotlc behawor) .

Variability

— Device parameters, operating conditions and circuit behavior are

considered to be random variables
— Impact of variations is not an ergodic process

e Time average is not the same as average over individual realizations (ensemble

average) of the
random process

.(Pﬂ! MICRO-617 : EAWS / Low Power Digital Circuits Systems

89



Sources of Variability: Overview (((ﬁ)))

e Static components ...

e “°d . Device 1 I:evice 2
m Lefr1<Lerr m
Process variations Random dopant Line-edge roughness
fluctuation
e Dynamic/runtime factors ...
w 1010010

vdd
N 4 | - 0100100
1 0100100

ngle \./ént upset
Voltage variation | l I A
B — de eﬁggcies =<
. Thermal P Single event
e Wearout/aging ... upsets

0.30

PMOS AV,, - 65n
0.28

EO.ZG

>£0.24
0.22

*Kim, Sapatnakar, ICCAD ‘06

) 0 10° )5 )7 s
0 10 e (g? 107 10

NBTI

0.20
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Manufacturing Variations: RDF (Bulk Process) (((ﬁ

e Discrete number of dopants in the channel depletion region

— Implantation is a random process that leads to
statistical fluctuation of the number of dopants N
in a given volume (channel)

— Variance follows Poisson distribution: oy = VN
— Example: W = L = 90nm, D = 350A, N, = 10'8cm™3

e N=W:.:L-D =284 - oy = 17 Miyamura, M., et al.
e Number of dopants determines threshold voltage
— Threshold voltage variation is Gaussian with variance

T 1 Impact of RDF decreases with
__ 4 0x increasing transistor size (WL
- \/Zq?’gSiNaqu <€ J (WL)

Eox V3IWL . Upsizi_ng helps o
« Largeimpact on min. size SRAM

7

Mizuno, Tomohisa, J. Okumtura, and Akira Toriumi. "Experimental study of threshold voltage fluctuation due to statistical
variation of channel dopant number in MOSFET's." Electron Devices, IEEE Transactions on 41.11 (1994): 2216-2221.

Miyamura, M., et al. "SRAM critical yield evaluation based on comprehensive physical/statistical modeling, considering
anomalous non-Gaussian intrinsic transistor fluctuations.” VLSI Technology, 2007 IEEE Symposium on. IEEE, 2007.
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Manufacturing Variations: LER and Proximitry Effects

(33)

Optical lithography: feature size
far below wavelength of the light

= Sub-wavelength lithography with
optical proximity correction (OPC)

= Systematic variation of F

:

Lithography 1
Wavelength -

L I

1l

dimensions (gate and interconnect)
= Hard to predict, but deterministic

Line-edge roughness (LER) n“' , -
I
= Caused by un-isotropic edging 1980 1990 2000 2010 2020
= Generally random but impact is Mack CQ_, anllely w; 3pecial sEction
guest editorial: line-e ge rougnness. .
small J. Micro/Nanolith. MEMS MOEMS. Llnle-edgtebrougr;nzgs becordnes
relevant beyond 45-nm nodes
Impact of channel-length variation ** et o | |
. w3st Wu et al, IEDM 2002 _ — — Due to Random Dobants
- Threshold voltage through drain 80—\ Due to LER -
. . . _ Moy = | —e— Total
induced barrier lowering (DIBL) St ¢ 00y —— 2. . Croon et al,
. . £ L] - oo ]
« Directly on drain current through oo | J{E IR ESSDERC 2004 -
channel length R S0 A
0.1020 4lD 6‘0 Bb 160 1‘20 1:10 1(;'»0 160 200 b |
L (nm) 20 [
Ip < 1/L Vin & Veno — (¢ + nVps)e t/4 0! - - |
32 45 65 90 130 180 500

Technology Node (nm)

J. Tschanz, K. Bowman, and V. De, \Variation-tolerant circuits: circuit solutions and techniques," in
DAC '05: Proceedings of the 42nd annual conference on Design automation, 2005, pp. 762{763.
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Dynamic/Lifetime Variations: Voltage & Temperature (((

=

1y

Volt 16 0 Mor bability 1 1E*+2
oltage = ronasts
g ) . T\T 15 ;:— 45 | -o~Cumulative 1E+1 g
» Inject droops at different times z Z 2
« Measure impact on max. freq. E | 1E40 £
s 13 Vcc Droop: ° 45| B4 =
. Magnitude = 12% o T
I f d d 1.2 T‘“..:16‘%I Fl:equf.-ncy. = 1?“” I:Iz 1 M 1 0 1E-2
mpact on frequency depends on 0 200 400 600 800 1000 120 130 1.40 1.50
location in time of a voltage droop Test Iteration with Ve Droop Shifted Fuax (GHz)

Bowman, Keith A., et al. "All-digital circuit-level dynamic variation monitor for silicon debug and adaptive clock
control.” Circuits and Systems I: Regular Papers, IEEE Transactions on 58.9 (2011): 2017-2025.

Temperature R

« Temperature variations within the die cause e
variations in device mobility and threshold o
voltage as well as wire resistivity.

* Time constants: ~100ms
[Coskun et al., 2010]

Coskun, Ayse Kivilcim, et al. "Energy-efficient variable-flow liquid

cooling in 3D stacked architectures.” Design, Automation & Test in

Europe Conference & Exhibition (DATE), 2010. IEEE, 2010. D. Atienza, ECRTS 2011, Keynote.
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Variability: Cross Layer Overview

Abstraction level  Variability is or affects:

System « Quality of Service
Algorithm * SNR, PSNR, BER, PER
SoC  Flexibility, Features, GOps
RTL * Timing, Energy, Area
O lermnlelesI  « Electrical (VDD, Body Bias)

Technology « Geometry, Chemical

(D
!g!'ﬂ!m MICRO-617 : EAWS / Low Power Digital Circuits Systems
FEDERALE DE LAUSANNE
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Conventional Approach: Global Yield Optimization

(38)

Guardbanding Binning: not always possible
01 target \
cs_,_s, vield Bin 0 [Bin 1|Bin 2 Bin 3| Bin 4 Yield
o Vi loss
Ht \
P ? R > # of ’
orig. circuit | > delay  chips
iguardband
Clk | ..'..
‘; [ Aging =]
i | — Temperature _ ~ Delay
VddT “— > > RDF High-price
Delay of slack segment
overdesigned circuit
N N
= Global shift affects the entire population ;’ e g
= Good dies suffer unnecessary penalties 2| g
= Multi-dimensional parameter space: © o 5
global opt. can even introduce penalties 2 2
Speed
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Adaptive Tuning: Basic Principle (((ﬁ)))

capture process variation
(die-to-die and within-die)

7 . N
i’ tuning & =) |
repair =(3 o
SI% S
Integrated circuit ~ |o
with various fixed [& :
control knobs Speec\l

Reshape the parameter
distribution

Objective: adjust design-knobs for “safe” operation at minimum
“cost” for each chip

e Production test identifies process variations and sets design parameters
(fuses) or decides on binning

e Can not track variations over time
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Adaptive Tuning: Basic Principle

(«

i)

capture process variation

/ runtime design-tuning knobs (Voltage/Frequency) \

Capture slow runtime variation

(die-to-die and within-die) 1
; “Sensors”
tuning & | Voltage
9 < Controller

repair i Temperature
i - Determine
i | Integrated circuit with Aging appropriate
i various control knobs Measure operating measures LUT
i to adjust operation I /

e Objective: adjust design-knobs for “safe” operation at minimum “cost” for

each chip at any point in time
— Initial testing provides

¢ a baseline calibration for process variations

e tuning parameters as a function of sensor readings => long and complex testing
required to characterize many operating points (interpolation difficult)
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Adaptive Tuning: Basic Principle

(38)

Q) adjust operation

/ runtime design-tuning knobs \
/ tuning &
J > “Sensors” > Controller
repair
Integrated circuit with Check for the impact Determine
various control knobs of variability appropriate
measures

capture process variation
(die-to-die and within-die)

capture runtime variation

e Objective: adjust design-knobs for “safe” operation at minimum “cost” for

each chip at any point in time

— On-chip sensors check directly on the operating margin and detect errors
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Electrical Knobs: Adaptive Body Bias

@)

Maximize clock frequency under total power constraint

e 1, variation determines leakage/freq. operating point

. . 1 Sﬂnm QS technolngy
e Adjust V;,: forward/reverse body bias (FBB/RBB) , ¢ 7777
E —Frequefncy X :eai?gﬁ
RBB: leakage |, speed | FBB: leakage T, speed 1 ® 4 tﬂﬂ low oy
- Z )
N KK A 7
E 21 __ 110°C
¢' E 1 s vm ¥ 1“
= % Ei. 0. 05
Sensor: 0
y replica critical path 0.925 1 1.15 . 1.228
REF with phase detector Normalized Frequency
100% : -
- Ac : :
5-bit Control knob: £ 80%  Acoerted ; 110C
: 3 60% | oo 1.1V
counter / Variable BB generator S 499, | ONBB |
12 18 g 20% | WABB
v »Vgp  § 1.r [Frequency target 15 0%
CCA Bi | §. 1 «+Frequency 125 ® 5
JOTSTTTT TP = 09 ase detector @
1as selector ;_ : VCC E ol Phase det t- E‘zg: g . _.
Voo o7 “—%" n }".ECircuit block 2 07| posond spes g8 1
Voo (cum % 0s S I 3 3
' 1,-. - VSS 0 20 40 60 80 T; I
................. ) :
s '
Tschanz, James W., et al. "Adaptive body bias for reducing impacts of die-to-die 0=
and within-die parameter variations on microprocessor frequency and leakage." 0.925 N’ lined 115 1.225
Solid-State Circuits, IEEE Journal of 37.11 (2002): 1396-1402. ormalized frequency
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Sensors: PVT Tracking Based on Delay Lines (((ﬁ)))

Delay lines capture delay increase due to global PVT variations

e Single instance cannot capture intra-die variations, local supply drops,

crosstalk
Resolution: 1 FO2 inverter delay

C
Syselk

il ]

— C C |
APPLICATION AND | “Avselk | pppaypve 205) 0 5 e
FREQ TESTCLOCK CLOCK LOGIC DELAY-LINE¥, (2,2 4, |
GENERATION LOGIC A : . z S 1E

iiiiing

Preet | [ EVEL SHIFTERS

I

1

1

1

C _ i
ﬁl]]].\:ﬂ{ ¢ S,:u:ql-: :
DATA | :

: |

1

1

1

1

K

Pl b5
@ h

APPLICATION ™™ ™| REGULATOR PUMP
AVS R

i
1
1

P VOLTAGE | Ref|CHARGEA SAMPLING
B FLIP-FLOPS
1

I Delay variation of complex gates
!.’::::““::::::::::::::::::::::::::::::::::5__---7r ------- IS sianifi i

gnificantly different from that
Time-to-digital-converter to Of an inverter, especially at low
measure delay as input to  Voltages
closed-loop voltage control

H

Dhar, Sandeep, Dragan Maksimovi¢, and Bruno Kranzen. "Closed-loop adaptive voltage scaling controller for standard-
cell ASICs." Proceedings of the 2002 international symposium on Low power electronics and design. ACM, 2002.

.(l)ﬂ- MICRO-617 : EAWS / Low Power Digital Circuits Systems 100



Sensors: Calibrated Critical Path Monitors [IBM Power6] (((ﬁ)))

e Distributed across the chip to better capture local variations

<] = ‘ ‘ ' ‘ Add
| | ZE> =TT [T i 0
.ﬂ 3 e | :‘I;v?:—gate ‘
Slope ---—- T : T
Geheration :
\
OAg.QO 0.95 1.00 vohlgz W 110 l.iS 1.20

- “  Multiple delay-paths cover
bt ' different types of delay variation

* L By o Different gates (4-NAND, 3-NOR, ADD)

g, 3 and “wire-dominated” paths
i) i Runtime frequency
55 g D =] setting

Calibration during test

Drake, Alan, et al. "A distributed critical-path timing monitor for a 65nm high-performance microprocessor.” Solid-State Circuits
Conference, 2007. ISSCC 2007. Digest of Technical Papers. IEEE International. IEEE, 2007.
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Sensors: Error Detection Sequentials (In-Situ Error Detection) (((ﬁ)))

Basic idea: detect timing violations directly at each path endpoint to capture also
local variations, cross-talk, and data dependent delay variations

o Detect any change of data after the clock edge (late-arrivals)

N

K

KIX_

N

w

tmin

X

tmax

~
Cdd

N

Tcik

e Data is captured on the positive clock edge

timing

violation

no timing
violation

tmax. WOrst case path delay

tmin. CONtamination delay

tCLK < tmax

| Tradeoff between ty, and ty, i

1

i tmin > tW + thold i
1

i * ty T: more margin for variability, but E

: 1

[ .

e Monitor the input of the sequential circuit and
report any transition in the timing violation window => ERROR

e Early arrivals are not allowed within the timing violation window ¢y,
(can not be distinguished from late transitions)
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Sensors: Error Detection Sequentials

(33)

Examples: 1%t generation

e Data stored with an edge-triggered FlipFlop

e A shadow latch remains open during the timing violation window

e Error signal generation by comparing data and shadow-latch output

v
main < |
Flip-Flop

Error_L

1
| shadow HD
Latch -~
comparator

Razor
* Correct data can be restored after
an error from the shadow-latch

D. Ernst et al., Razor: A low-power pipeline based on circuit-level
timing speculation, in Proceedings of the IEEE/ACM International
Symposium Microarchitecture (MICRO-36), 2003

1. Sensitive to meta-

stability on late inputs

ERROR

!

CLK

Double sampling error detection
sequential (DS-EDS)
» Single pulsed clock signal
simplifies clock distribution

_ Ta, [

«—> [k

< n
<
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Sensors: Timing/Slack Violation Detection

(33)

Example: 2" generation resolves metastability issue on the data

e Data is captured by a pulsed latch (used as FlipFlop): closes in a safe place

* Pulse duration t,),;5, = tyy < tyin defines timing violation window

) O

LATCH

4

s

ERROR

*7

CLK

Transition detector with time
borrowing (TDTB)

r—_}‘\

CLK

[

—

CLK D1 >e

Q

| | Detection Clock
(DC) generator

Transition

RAZ

Dynamic transition
detector: sensitive
to variations

Y

D [

Qa |

]
XOR OUTPUT j\

i

ERROR

i
r
\

A

Design risk compared to
RAZOR or DS-EDS: Duty-
cycle control of the clock is
always required (can not be
operated on a regular clock)

1

Detecfor (TD) [ = =*FO% D ¢ A LATCH

Meta-stability

////issue
£
ERROR
MSFF Z )
o~

—

CLK

Double sampling with time
borrowing (DSTB)

S O
o ]
N
MSFF OUTPUT { \
ERROR «/ i
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Architecture Level Knobs: Correcting Timing Violations (((ﬁ)))

ST

WB ([Adaptive Clock Control]

(reg/mem)
16KB|_, rgpl_ay_]_I Error Control Unit }ﬂ
1$

MEM

emor

Stabilz er FF

5 Razor FF

recover

16KB|,,
D$
a)

Razor lafch gets Correct value
correcr EX value provided to MEM Clock Cycle

Time (in cycles) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
IF M 12 13 4 15 16 17 I8 F F F F F F F
g IF ID MEM ST/ sraﬂ/ o DE M 12 13 14 15 16 I7 I8 F F F F F F
g IF X* MEM* MEM ST WB gRA M 12 13 4 15 16 17 18 F F F F F
7] EEX I1®I3 I5 16 I7 18 F F F F
£ IF ID EX  sta  MEM ST WB 8 MEM /‘n@ls 14 15 16 17 18 F F F
IF ID s EX MEM ST & x / n@n FF
! wa / I @%;/%//)(F
I2Erro{inEXStage Invalid: DoesNotAffeclArch State Pipeli;e(Flush Replica Valid
Timing violations trigger a pipeline stall Erroneous instructions are re-issued into
« Correct data available from Razor latch the pipeline, avoiding the need for clock gating
* Re-evaluation/recovery in stall cycle « Timing errors flush the pipeline
x Immediate full-chip clock-gating feedback « Failing instruction is re-issued N times
is difficult in high-frequency designs (latency) to avoid repeated failure during replay

x Overhead due to pipeline flush

D. Ernst et al., Razor: A low-power pipeline based on circuit-level ~ Bowman, Keith A., et al. "A 45 nm resilient microprocessor
timing speculation, in Proceedings of the IEEE/ACM International  core for dynamic variation tolerance.” Solid-State Circuits,
Symposium Microarchitecture (MICRO-36), 2003 IEEE Journal of 46.1 (2011): 194-208.
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Architecture Level Knobs: EDS vs. TRC based Detection (((ﬁ)))

>  Resilient: EDS|
Max TP

Compare Error Detection Sequentials 1.3 <
vs. Timing Replica Circuits (TRC)

I-:I:LK
Guardband

Conventional

d
—
71 Fr 1T 75717

Example: Microprocessor [Intel]

Normalized
Throughput

I

I

e |
Resilient: TRC | | Vee=1.0V

|

I

e EDS is more complicated to 0. £ Max TP | 10% V.. D
% V¢ Droop|
implement 0. | EDS

e EDS involves more overhead than

TRCs since sequential elements are 'RC Guardband

+ Path Activation|

Recovery
Cycles (%)
>

more complex 102}
3 TRC Unnecessary
e EDS reduces the number of replay 10°F Recovery
. R R 10.4 I [ 1 | L | L
events and provides tighter margin 11 12 13 14 15 16 1.7
— Captures data dependent delays Clock Frequency (GHZ)
— Does not require guard-bands to cover local
variations

Bowman, Keith A., et al. "A 45 nm resilient microprocessor core for dynamic variation tolerance." Solid-State Circuits, IEEE
Journal of 46.1 (2011): 194-208.
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Architecture Level Knobs: Critical Path Excitation (((ﬁ)))

Y—DGD‘DO—_D—'_\ to

b o= o\Y
g \ tl l_D Q
II "

/@ >
SEL

Setup- and Hold constraints ensure that ) ) )
the system is in a steady-state in the data _
call window of the sequential elements

a seL/ 1\ 0

,|

e Worst-case assumption based on a
transition triggered by the critical path Y — —

However, the critical path is not always excited and arrival times depend on data
e Critical path may be blocked/interrupted
e Signals may remain constant without any glitches
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Architecture Level Knobs: Exploiting Data Dependent Delays (((ﬁ)))

_without Error Detection Sequentials

Assumption: critical path is triggered only rarely

e Most clock cycles would remain without timing errors even under frequency-
over-scaling (clock period shorter than the critical path from STA)

Idea: adjust clock frequency to a typical (rather than worst-case) delay and use multi-

cycle operation when this delay is exceeded

e Delay Prediction (pessimistic)

i i i nventional .
_ Classify operations into long and short latency —onventional

— Detect/predict inputs that may trigger worst CLK l_!_l_,'
case delays and are thus susceptible to failure i 1 fast path
e Allow Extra Cycle | X i Slow path
— Long latency operations are given 2 cycles With critical path'predlctlon i
r y T
Power reduction: voltage-scaling of a cLk | \15, ]
conservative design at constant frequency ’\ i slow path
leads to occasional timing violations, that can i clock
be avoided through multi-cycle operation gated

Yield improvement: Fast/nominal dies use single-cycle operation,
while slow dies enable occasional two/multi-cycle operation
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Exploiting Data Dependent Delays: Example (((ﬁ)))

Ripple Carry Adder with Carry Chain Interrupt Detection

B a b a By a B a B a = ay R =N S o T i’ | S ulate:
£ 5 F] 3 - - - —— D=2 (Simulated)
Ve 43 1y 1y by 1y 43 D: number of subdiviSionss o-« ismus
FAq FAs || - FA FA, FA, FA, FA, e i X S o Cmuaed .
- -t = - -+ -+ “fF - ® L ‘-.‘ —+- D2 (Modal)
A (T e s e
b 1 b b 0 By o o iy A R It 4 ot
y ag 1 y ay 1 By o 2y ; 2 k b “\ il P I
N SN B I RN TN BN N s
Fhg Fhs FA, FA, FA, FA, Fa, 5 ¥
“tr—1 X - - +11— 0 X = - T, - l
R
CCID 1 CCID 0 %
"X
L 3

0.05 0.1 Cycle Time

l More complex prediction logic leads to _
.' « Fewer multi-cycle operations (fewer

—t
-y

- o

false long-path predictions) c o

. . Y. . . — Q

- » More fine-grained partitioning into Ee)

[Cn ] . -
X _ multiple cycles c

maximum runlengrth | . Completion L. -
detector Signal » Longer delay for the prediction logic

Burg, Andreas, et al. "Variable delay ripple carry adder with carry chain interrupt detection."” Circuits and Systems, 2003.
ISCAS'03. Proceedings of the 2003 International Symposium on. Vol. 5. IEEE, 2003.
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Low Power and Variation Aware
Design with
Approximate Computing




No Free Lunch Theorem Requires New Dimension in the Design

_Space

()

actual
replication effect

i
il

Area
“POWER

Y ®
V=N m: . ”

* ﬂlﬁﬂ“ﬂ“ ‘ o ideal effec

| it N L\ g,
prr i R O IO
gag=00= et ﬂ \
[ I | [ ] = decom-
L L \ v ‘ position ' /lime sharin
Ald-Bbiannn: PR
T oadew T e
E E E & Ew - g:,, efficiency U
Srsu ¥ hardare
[ FEE[ L = [ ; -
. constant z 2 ) Approximate comPutlng.
%, AT-product o f | Introduces a new dimension
B ”ﬁﬁ'“ Ej into the design-space to enable
new AT-optimal solutions”
. New.Pareto-Plane Pareto-Front
S Qe _ i =1 H Time
v. . h I r com IeXIt ...................
¥ with lowe p \'A
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What is “Approximate Computing”? (((ﬁ)))

e Approximation: A well known art ... in many aspects of our daily life

Communications Multimedia Data Mining Web search Pattern Recognition

‘Noisy’ real Perceptual No single Statistical lterative
world Inputs Limitations Golden’ Resul Computations Self healing

e Many applications are inherently tolerant against inaccuracies or distortions
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Journal of VLSI Signal Processing 15. 177-200 (1997)
wer Academic Publishers. Manufactured in The Netherlands.
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Approximate Signal Processing
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VLSI-Signal Processing: Many Beautiful Examples for ()
" g o l c ” ”ti I] g”

s £t - T e FP: integer exponent FP- integer manlissa
T L T L 1
. : : Ll o | ) |
p — [ 09&1=|sqr\l3 al=ln 723 i) 4 o) Tog s F;ene
| fo —7 T
15 st 2 = - e | riz) T
7o K _ = - 3 n
1. [ -
i
| i |
@ wn
Approximation of algorithms e e .
(e.g., Motion estlmatlon) Cross- Sum-of-Absolute Census sof| THD+N =-139.0dB THD+N =-1107dB THD+N=-599dB

correlation Difference (Binary)
Reduced complexity cost functions
(e.g., SAD or Census in 3D vision)

Sine Generator
Magnitude [dB]
g

Number represenfations
(e.g., Floating Point or Log
Number Systems)

Fixedpaint

|S‘ mantssa ‘ Fixed-paoint
EER
5 exponent ‘ mantissa | ;}b;tti"g'
Recursive computation of transcendental THE BEFT:
functions (e.g., CORDIC for DDS) H JE— ‘ mantissa ‘ Name T aka Formula i
T AT lesser {~>-norm I = min(|al. |b]) \
sum (-norm s=|a|+ b \E
12 (o PDAP ~ i Aate (%) 10! Finite word-length optimization magnitude (reference) | #Z-norm m=va + b2 '
. e Power o HE:&;S%{ . greater £™-norm g =max(lal.[b]) |
"i::;?‘-‘rﬁ_,..-g_‘ 1o Approximation 1 ma=is+3g *
k o Approximation 2 m ~ max(g, fg + 3/)

Approximate arithmetic
operations, derived from

by gate-level considerations
(e.g., pruned or speculative
adders or multipliers)

Algebraic approximations of
complex operations

El
(3
Rate and RE (%)

... and many more!!
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Computing on Unreliable Silicon: A Different Aspect of
R (@)

New opportunities

Py e

At Design Time Approximation to the Manufacturing
* Incorporated “intentionally by * Deviating from the requirement of 100%
design” reliable operation
» Modifications of algorithms or » Tolerate faults in memories or logic
arithmetic operations « Difficult to predict at design time
* 100% predictable \ J
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Real-time Systems Need Tuning Beyond the Architectural Level (((ﬁ)))

Frequency-scaling and RAZOR techniques
fail at some point: sudden loss in Quality-

of-Service or complete crash

Nominal voltage

v Very fast circuits: sufficient timing
margin to handle reliability issues

x  Poor energy efficiency

Reliable near- and sub-VT operation

x  Overhead to meet real-time constraints
even without variation

x  Large impact of variations on timing
requires large margin to meet real-
time constraints

Conventional paradigm
100% reliable/accurate
operation, always meeting
real-time constraints

Real-time applications impose processing deadlines

% Insufficient number of cycles for task completion

x |nsufficient time in a clock period for necessary
logic

Voltage scaling

Q |
m
=
-
-
o
=
>
(&)
o X
LLI
Task deadline i
- i
1
1
1
i
1
i
v i
Vpp=nominal target delay
é Ve target delay v
po—1OW '
: i *
5 § x
H* ll %

path delay >

Improves energy efficiency
Reduces speed

Increases variability
Reduces reliability
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Impact of Error Mitigation (((ﬁ)))

* No hardware protection against errors: erroneous
behavior

e HW error recovery or
frequency scaling:
incomplete or corrupted
results (missed deadline)

Objective: graceful performance degradation

Approximations +
>
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Real-time Systems Need Tuning Beyond the Architectural Level

(«

=

‘w

Quality
g — >
—
c
@)
-
>
&)
o X
L
Task deadline ]
L.
v i
Vpp=nominal target delay
é Ve target delay
o~ 1OW :
8 |
8 ;
5 \
H* |
l
path delay >

Consideration of the application level
provides additional scalability: graceful
performance degradation

Nominal voltage

v Very fast circuits: sufficient timing
margin to handle reliability issues

% Poor energy efficiency

Reliable near- and sub-VT operation

x  Overhead to meet real-time constraints
even without variation

x  Large impact of variations on timing
requires large margin to meet real-
time constraints

Conventional paradigm
100% reliable/accurate

Approximate computing
Scalable algorithms
Stochastic computing
Application/algorithm-level
fault tolerance

New paradigm
Allow for graceful

operation, always meeting

performance
degradation

real-time constraints
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Why is Assuring Graceful Performance Degradation so Difficult? (((ﬁ)))

Problem: small errors from a hardware perspective do not necessarily translate
into small errors from an algorithm/application perspective

e Datapath: impact of bit-errors depends on

100

— Frequency (probability) of error 0l (- Simuation |
Theoretical
— Weight of the affected bit (LSB or MSB) zs
e Logic/control: impact on data is highly o O
. . L 0
non-linear and can not be captured in 5 oot
mathematical terms A
BOF Teerae e t
ank Conventional e l.r“"”"“‘-,
. inli 10°4 = 100 0.2 0. 06 08 1
Example: multiplier: .1 =5~I05S - T 0 ‘
16x16 bit 102] SN ™ Y Whatmough, Paul N., et al. "Circuit-level
Jeon, Dongsuk, et al. "Design 4, 143 o NS \‘\‘ timing error tolerance for low-power dsp
Methodology for Voltage- s \N ¥ filters and transforms.” Very Large Scale
Overscaled Ultra-Low-Power el et Vg M Integration (VLSI) Systems, IEEE
Systems." [EEE Transactions = 10° g—__._gzg(;r?, "~ Transactions on 21.6 (2013): 989-999.
on Circuits and Systems Il: 10 4 —-—4stg§ism), bt
Express Briefs 59.12 (2012): o Ml maboc, s N Error reate
952-956. ] SS‘Q‘T“}—."’T"’.‘"T"‘r=/ increases rapidly
270 275\332#&5@53&1 Gl Ae over a range of just
- a few mv
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Algorithm Knobs: Significance Driven Design (((ﬁ)))

All computations required for a valid result X
Variables/computations contribute equally to QoS
Computations do not contribute equally to the QoS

1
1 m Protect or prioritize critical operations and variables i
' )
1
1

i " Only best-effort protection for less critical ones

Best case

% QoS delivered

Bad
case
0 10 20 30 40 50 60 70 80 90 100

% Correct Computations
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Algorithm Knobs: Significance Driven Design

(33)

Circuit Level Pruning
e Fine grained / gate-level
e Significance: defined on a bit-by-bit
basis, designed to reflect impact on
numeric precision

* Pruning: on a gate-by-gate basis

e Starting point: netlist of arithmetic
operations

e Quality-impact-analysis: by
simulations on gate-level or with
operator overloading

e Area/timing analysis: very accurate

Algorithm Level Pruning
Coarse grained / operation-level
Significance: defined directly in
terms of numeric precision and error

Pruning: individual instructions or
variables

Starting point: algorithm and RTL
architecture
Quality-impact-analysis: by
simulations OR analytically

Area/timing analysis: RTL
implementation and estimation

.(l)ﬂ- MICRO-617 : EAWS / Low Power Digital Circuits Systems
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Algorithm Knobs: Significance Driven Design (Analysis) (((ﬁ

/ QoS Metric /

Application
Description

-----------------------------------------------------------------------------------------------------------------

Resilience Characterization
Sensitivity Analysis

Evaluate the impact of various faults injected in distinct
data/parts of an algorithm on a relevant QoS metric

Classify data into groups based on the impact of
faults on a QoS metric

B AN A AR NS EEEAANNAARNARAARAARNESAARASSNSANEEEEEEEsnssEan’

Protection Optimization

Guaranteed Correctness @ Best- Effort Error Handling

Limited energy overhead Relax 100% Correctness
Ensures adequate QoS Approximate results

------------------------------------------------------------------------------------------------------------------

Minimize the protection overhead while ensuring adequate QoS under any fault

.(Pﬂ! MICRO-617 : EAWS / Low Power Digital Circuits Systems
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Algorithm Knobs: Significance Driven Design Example (JPEG) (((ﬁ)))

Source image X

o
\ Encoder Decoder
A S smsistsheitvefiri et N +  Compressed L
Data
z . N Z
—»(2D-DCT—>Quantizeg—-»| Memory — ?l\l/;rr?f ——> | 2D-IDCT |-
ow - e ——
Frequency Frequency
Sionificant .
e JPEG decompression:
2l
w S | * DCT coefficients have different “significance”:
g 2 carry different energy with different distributions
g L N . :
° 2 " Less significant coefficients are close to zero with
“J\:/ small variance: can be approximated by zero

Less-Significant A

High = |DCT: C o aTZ] - (Zs
Frequency  DCT output [ ] [ZO]+ - ] [ZBIJ,[. . ] [26]
’ ) 12y . . A 1Zy . . Az
] | J \ J

Y Y Y

I I3 I3
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Algorithm Knobs: Significance Driven Design Example (JPEG) (((

High Medium Low
Priority Priority Priority

OO0
e 8 b

/

e/

M+ rz\@/

Low Medium High
- Priority Priority Priority
/ / \@\/ N \@\/ >@/
Critical \@ \/GB /@
path \GB\ /\GB /G;
delay
@ﬁ\ 1
\ 4 1 2 \GQ

v (F3+T,)+ T,

Totaldelay O

(M +1,)+T15

End-Target \T/
F3+F2,F1 I+, +1;

for each w | 12,15 S r+r
@V, nom | | (ERAPY
1
1
dd HEL
i
i
v O, 0, Ty I, +0, T i
dd . >
1

)
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Algorithm Knobs: Significance Driven Design on Software (((ﬁ)))
Programmable Architectures

0 Cluster code into groups based on their significance /- N\
. If mode Q3 {
= Execute and store only the required data Compute all terms within [y, T [
based on the preferred Power, Quality, )
Performance and hardware capability under else if mode Qi {
variations/scaIed-voltages Compute only the significant I',
. Y,
Target T
V4 nomina @l #operations/cycles T T,ora=Heycles * d  (V4q)
Conventional
: Protect all operations by ddkT
Vid l all #operations Tiotal T giving all of them more time to finish
: Proposed
V,, l r - r Execute correctly by dC”J only the sig.
2 2 : - . ops and what can be completed within
, the target time from the rest ops
Skip ‘ﬁ

Minor quality loss with no throughput penalty

)
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Energy and Quality Scalable Camera System-On-Chip (((ﬁ)))

Modes Time (sec) Time
(cycles)
Q3(8x8) 5.56336 278168063
Q2(5x5) 4.19744 209872136
Q1(1) 2.32733 116366577
60 1 ——% Power Savings : ij
w 50 - —m-Quality (PSNR) 35
=
E% 40 -+ - 33
B 30 - - 31
5 - 29
% 20 - - 27
o - 25
10 ~
- 23
0 21

v T T T T T T T
878 7X7 6f6 575 4Xﬁ 3*3 2%2

Q2

i
Q1

Quality (PSNR)

Karakonstantis, et al., DAC’11, Altera Innovate 10

—— Only significant data executed and stored

VGA Monitor

Power/Quality
User Control

Mode 2

SDRAM
Frame Buffer

&
Image Capture
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Algorithm Knobs: Detect and Approximate

(«

it

Whatmough, Paul N., et al. "A robust FIR filter with in situ error detection." Circuits and Systems (ISCAS), Proceedings of

2010 IEEE International Symposium on. IEEE, 2010.
x[n]
/]

T

Error rate increases

Critical *,
Paths

Critical *,
Paths |

ho hy e very rapidly for sub- %
critical timing ;
< Error ~1 Error ~7 Error %
RFF 0 RFF B RFF 0 , %
1 J
v "
»| DFF DEE
Approximate
N-1 :
error correction
hiyx[n—k]| e, = rror
yln] = (in-situ)
k=0

e Signal quality degrades rapidly for sub-critical timing

Possible Solution: time-borrowing

e Consider only timing violations that do not get
resolved in the next pipeline stage

e Improved approximation

Whatmough, Paul N., Shidhartha Das, and David M. Bull. "A low-power 1GHz razor FIR
accelerator with time-borrow tracking pipeline and approximate error correction in 65nm CMOS."

40

\ Sub-critical \ |
A \ i

f e

________________________

Zero Margin:

i
= 2 < =
S @ =)

Pe (linear scale)

o
N

\\
~

0.6

30

20

n, d8

10

' I
07 ¢4 0.8 0.9
’

Supply Voltage, V

55dB/
10 mV ]
Sub-cntical |
—

i )

o

Pe (log. Scale)

0.7 0.72

Supply Voltage. V

0.74

G Cm)

ISSCC, 2013
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Algorithm Knobs: Algorithmic Noise Tolerance (ANT) (((

Error detection and correction on algorithmic level
e Predict the output of a DSP function (estimation theory)

e Use prediction to perform error detection (compare
predicted and computed value)

e Error correction: replace erroneous sample with prediction

1+

EC
x[n] : M BLOCK yalnl| Decision block
:
]
]
I
]

Estimator

(b)
Byonghyo Shim; Sridhara, S.R.; Shanbhag, N.R., "Reliable low-power digital signal processing via reduced precision
redundancy,” Very Large Scale Integration (VLSI) Systems, IEEE Transactions on, vol.12, no.5, pp.497,510, May 2004
doi: 10.1109/TVLSI.2004.826201

Shanbhag, Naresh R. "Reliable and efficient system-on-chip design." Computer 37.3 (2004): 42-50.
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Time Scales for Variability

(33)

Manufacturing

Runtime/Dynamic

Intra-die

(.
3 V7 \
At 4
3 A » %
\ (74- ]¢ 4 . Bl

y

Time,[s]

Die to die and within die variations Behavior of each circuit mostly

« Each die is an individual realization

of a random process + “Randomness” due to random
« Parameters are fixed after data and model uncertainty
manufacturing * Averaging only meaningful

with true random input

Wearout
\‘-‘——‘——\

failure

N —

failure

\—\

gy,
failure

deterministic and on short time scale -

Time [yj

Aging is slow process

Parameters change

on a long time

scale

 Long-term average
IS meaningless

e Non-ergodic behavior renders analysis of circuits under variations

difficult: averaging requires great care
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Unreliable Silicon: Tradeoff Between Quality and Yield (((ﬁ)))

Average quality across chips is not meaningful

* Need to consider quality individually for each chip:

[ Time average Ensemble statistics

Quality /

ICDF

© =
o O

which QoS>X &

% of dies for

random I deterministic

e Production test: keep only chips that achieve a sufficient minimum quality

e Inverse CDF (ICDF) of the quality defines a parametric yield

— Operational meaning: yield for a given minimum quality
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Simulation Based Quality-Yield Analysis Reveals Interesting (((ﬁ)))

_Tradeoffs

Quality-yield analysis (quality CDFs) shows performance across a

population of chips

Different chips may have very different average (over input data)

quality!!

e Quality-yield depends strongly on the application

e Long tails indicate the presence of significant outliers

— Some chips are better, others are worse than the average

100

Disparity
751
7 map
o 50
2
=
25

0 | . L
15 20 25 30
PSNR [dB]

35 40 45 50

Yield [%]

Error Ratio
= le4 ® 3e-4 = 5e-4 = le-3

100 1 100 :

1

80 1 751 i

60 S :

\h o 50 1

40 A .f:’ :

50| Susan 25 .

6 smoothing - o LMNIST i
15 20 25 30 35 40 45 50 20 40 60 80 100

PSNR [dB] Detection Rate [%]

Marco Widmer, Andrea Bonetti, and Andreas Burg. 2019. FPGA-Based Emulation of Embedded DRAMs for Statistical Error Resilience Evaluation of
Approximate Computing Systems. In Proceedings of the 56th Annual Design Automation Conference 2019 (DAC '19).
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Parametric Test: Straightforward, But Hopeless (((ﬁ)))

Challenge: Different chips provide very different (but fixed) quality levels

e Straightforward solution: select only well-performing (“good”) chips
during test

Testing of each chip to identify fault type and locations Quality prediction Chip selection
L_r“‘ #Faults
FauIt ‘r}hap
M

e How to predict quality from measured error patterns?

— On-the-spot quallty measurement: too time consuming None of these

— Closed-form expression for output quality: not available ideas is feasible

— Look-up tables: number of possible patterns prohibitive in mass production
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