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Organizational Issues ..\\.J(IT

Karlsruhe Institute of Technology

Slides available online
- http:/icesweb.itec.kit.edu/teaching/LPD/s16/slides/

- Username: student
- Password: CES-Student

Jabber/ XMPP Conference Channel

- ces-lowpower@conference.kit.edu

Homework

— practice reading of scientific papers

- marked on the last slide

Oral exam

- make appointment with our secretary 6-8 weeks in advance
- can be held in German/English

- more information: http://ces.itec.kit.edu/972.php
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Overview Low Power Design Lecture ..\\.J(IT
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 Introduction and Energy/Power Sources (1)

* Energy/Power Sources(2): Solar Energy Harvesting

« Battery Modeling

« Hardware power optimization and estimation — Part 1
« Hardware power optimization and estimation — Part 2
« Hardware power optimization and estimation — Part 3
 Low Power Software and Compiler

 Thermal Management — Part 1

 Thermal Management — Part 2

« Aging Mechanisms in integrated circuits

« Lab Meeting

[
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Overview for today AT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

* Motivations for low power design

* Examples of Power/Energy-aware applications
* Theoretical Limits of Low Power Design

* Battery issues (re-chargeable batteries)

[
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Why design for low power/energy?

P

AV

Portable Systems \
Smart Phones, Tablets,Wearables,Notebooks,etc.
Battery-driven — long battery life crucial
System cost
Batteries limited by system weight (black board)
Slow growth in battery technology
Must reduce energy drain from batteries /

(src: A. Raghunathan, NEC)
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Side Note: Jevons Paradox ﬂ(“.

Karlsruhe Institute of Technology

« William Stanley Jevons
(18695)

« efficiency of resource
usage increases

—-tsage-decreases

— usage increases

 cf. with previous slide

src: en.wikipedia.org
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Power densities /Il ..\\.J(IT

Karlsruhe Institute of Technology

8

Power density continues to get worse

?

Sun’s
Surface

*

Hot pla‘te Pentium Il ® processor
Pentium Il ® processor

Watts/cm®

-
L=

Pentium Pro ® processor
Pentium ® processor

1.5p  1p  0.7p 0.5p 0.35p 0.25p 0.18p 0.13p 0.1p 0.07p

Surpassed hot-plate power density in 0.5

Not too long to reach nuclear reactor

Micro32
Fred Pollack

year 1999

-
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Power densities I1/I1 AT

Karlsruhe Institute of Technology

Figure 8. Power density over time. From 1985 through 2005, power density grew by

roughly a factor of 32. Since 2005, power density has largely started to decrease.
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(src.: [Danowitz])
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Power consumption: motivation ﬂ(".

Karlsruhe Institute of Technology

_r—'nf L]

(15400

Pentium 4 Crusoe Processor

(src: www.transmeta.com)
|
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Power consumption: motivation ﬂ(".

Karlsruhe Institute of Technology

» Facebook Data Center in Lulea, Sweden
« 2°C avg. temperature allow for simpler cooling

» cheap electricity

Facebook
Sweden " ,‘r ‘!c‘ x ) ‘\
Norway rampere | N0aNd 1B LYY Y
~June 2013
(src.:www.cnet.com) (src.:www.cnet.com)
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Energy vs. Programmability ﬂ(“.

Karlsruhe Institute of Technology

* large gap (100x-1000x) in energy efficiency between

— fully programmable and

- fully custom implementations

* ample scope for tradeoffs

1000

100

10

Energy Efficiency
MOPS/mW (or MIPS/mW)

0.1

Flexibility (Coverage)

Source: Rabaey et. al., IEEE Computer, July 2000

-
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Power consumption by processing type ..\g(“.

Karlsruhe Institute of Technology

Operations/Watt
[MOPS/mW]

DSP-ASIPs
UPs

poor design
generation
techniques

1.0 0.5u 0.25u 0.13u 0.07u Technology

(src:[Marw03])
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Relationship between power and energy

Volker Wenzel

P

A

E=|Pd

Energy: 1 Ws =1 VAs =1 Joule =1 Nm

14

v

AT

Karlsruhe Institute of Technology
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Power vs. Energy Minimization ..\\.J(IT

Karlsruhe Institute of Technology

* Minimizing power consumption important for:
- design of power supply
- design of voltage regulators
- dimensioning of the interconnect

- short term cooling

* Minimizing energy consumption important for:

limited availability of energy (eg. mobile systems)

to maximize amount of computation accomplishable with given amount of energy
 limited battery capacities (only slowly improving)
» very high costs of energy (solar panels, in space)

cooling

* high costs
 limited space

dependability
* long lifetimes

o |
ow temperatures (src: [Marw03])

[
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Hardware Power Consumption ..\\.J(IT

Karlsruhe Institute of Technology

Power = Cap Switching Power ( % Q_-ded-A f)
+ Leakage/Static Power + ...

)

High-level synthesis,
R'ﬂ_ optimiz%tions

Y

Power analysis
iteration times

L I
Architecture-level, Power models
_ R power analysis for macroblocks,
seconds - minutes control logic

Behavioral level

Y

\ 4

Logic synthesis

A\ 4
Logic-level Power models
power analysis for gates, cells,
< Jlets__/

Y

Register-transfer level inutes - hou

Transistor-level/
Layout synthesis

\4

Logic level

hours - days

Decreasing design iteration times

Transistor-level | (src: A. Raghunathan, NEC)

Transistor level power analysis
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Examples of Power/Energy-aware applications _\&(IT

Karlsruhe Institute of Technology

Microphone

- Optical fiber

Conductive
qrid

- Data bus

Sensor

(src: [Marc03])

SmartShirt
controller

src: commons.wikimedia.org
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Example Sensor Networks ﬂ(".

Karlsruhe Institute of Technology

Disaster
: o _effici ildi Prevention &
Manufacturing plants & Power distribution Energy fgf%c%e?;gg:ldmgs Emergency
* Improve reliability, operating efficiency opportunity in the Response
: US

Man Server
Sie

Health care _
I.’OLCJ)rI‘]nV;Ired operating “Smart” environments Traffic control
_ - Homes, Offices, Schools, ... « Reduce commute time
égrﬁggfcdﬁtggﬂg” of - Convenience, Productivity, Security by 15 min => $15B/year
in California alone
(source: A. Raghunathan, NEC) -
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More examples _\\J(IT
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Banking & Money transfer smart cards, ...

Consumer cell phone, MP3 player, PDA, ...

Clothing electronic textiles

Environment sensor networks

Healthcare hearings aids, pace maker, ...

Telecom Systems satellite, ...

[
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Examples of Power/Energy-aware applications ﬂ(".

Karlsruhe Institute of Technology

MSP430F1x MCUs

Key Features Block Diagram
Clock Analo MSP430 F1xx Tompentses 40'C1o85°C
LAt x :

- Up to 8 MHz CPU

18-Bix RISC

- Wide range of high-performance analog and

speed intelligent digital peripherals
Memory Low power
- Up to 60 KB Flash — - 200 pA / MHz active mode
- Up to 10 KB SRAM - 0.7 yA real-time clock mode

= 0.1 pA RAM retention

+ Ultra-fast wake-up from standby mode in <6 ps

® Voltage 0} Enlarge

- 1.8 - 3.6V
operation

Applications

- Industrial
- Medical
- Security and safety

- Consumer & portable electronics

(src.:www.ti.com)
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Theoretical Limits of Low Power Design _\ﬂ(IT

Karlsruhe Institute of Technology
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Theoretical Limits of Low Power Design

What is Entropy?

state function of a thermodynamic system
,measure of disorder”

extensive property (like mass)

unit [J/K]

AS = 0 is a reversible process

AS > 0 is an irreversible process
S=0@T=0°K

Jrev
ﬂﬁ':/ ©

Volker Wenzel 22
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Theoretical Limits of Low Power Design (cont'd) ..\\.J(IT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

What is the Second Law of Thermodynamics?

 "The second law of thermodynamics states that for a
thermodynamically defined process to actually occur, the
sum of the entropies of the participating bodies must
increase. In an idealized limiting case, that of a reversible
process, this sum remains unchanged."

« AS20
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Theoretical Limits of Low Power Design (cont'd)

What ist the Maxwell Demon?

Volker Wenzel

(src.:en.wikipedia.org)
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Theoretical Limits of Low Power Design (cont'd) ..\\.J(IT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

What is the Landauer principle?

* lower theoretical limit of energy consumption of
computation

* An elementary operation (e.g. deleting one bit) must be
accompanied by an energy dissipation of

W=kTIn 2
S =Kk In2
« Example

- W =0.0172eV at room temperature 20°C

[
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Theoretical Limits of Low Power Design (cont'd) _\\J(IT

DNA Template  ANA Copy W

 Example of (really) low
power computation:

- Neurons dissipate ~10"'kT per
discharge

— DNA replication, transcription
and translation dissipates 20-
100KT per step

("Brownian computer")

[ hl
] Hered Nﬁ 0/1 ‘D/ \0/ \GH
i\ | °
/' Noeven— W” o, LCH
N =N
/O eeH—N
, s G

| —— Nucleotide ﬁga. Pyrophusphate |
—¢ 1 6 o —r--—®

(src.: [Bennett]) -
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Dark Silicon ..\\.J(IT

Karlsruhe Institute of Technology

o failure of Dennard scaling
e power densities cannot be increase further

 — foreseen: not all parts of the chip can be powered at the
same time

e Dark Silicon: % of Silicon that cannot be powered on
» possibly the end of multicore scaling?

* heterogeneous compute elements

Ref. [43] (www.zeit.de — Dark Silicon )

[
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http://www.zeit.de/

Power/Energy Sources ..\g(“.
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Problem of battery capacity in comparison ﬂ(“.

Karlsruhe Institute of Technology

10000000 =
1000000
100000 =
— Processor Performance
10000 (Moore’s Law)

1000

100

10 Battery Capacity

1 I I I I I I I I I I I I I I I I I I I
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(src: A. Cuomo, ST Micro, Stockholm, Sept.8, 2004) -
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Primary/Secondary Batteries ..\\.J(IT

Karlsruhe Institute of Technology

 Primary batteries
+ availability
+ no re-charging required
+ often higher density compared to secondary batteries (later)
- cannot be re-charged (replacement of cartridge etc. instead)
- user needs to carry replacement batteries
- form-factor often unfavorable (not flat as desired)
« Secondary batteries
- Ni-Cd (nickel-cadmium)
- NiMH (nickel-metal-hydride)
— Lithium-lon, Lithium-polymer
+ can be re-charged
- smaller energy density compared to primary

[
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Metrics: gravimetric, volumetric energy density

e Gravimetric: Wh/kg — Watt * hours / kg

e Volumetric: Wh/I — Watt * hours / liter

200

190

Wh kg

100
4

50 —a—Jany0 —
——Toshiba

1994

1996
2002
2004
2006

shown: Lithium-lon technology

Volker Wenzel 32
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500

400

300

200

100

AT
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—e— 5 anyo

—eo—Toshiba

1994

2002

2004

2006

(src: [Blo04])
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Metrics: cost —secondary batteries—

AT

Karlsruhe Institute of Technology

e average cost of
Lithium-lon
technology
~9.5US%/Wh (2005)

 will decrease further
but curve is predicted
to flatten 1

US $lcell

[ O S T = T e

Volker Wenzel

Li-ion prism.average price

Li-ion cyl. average price

NiMH average price

NiCdaverage price

§1.27

§0,45

§0,55

0,55

| S perWh

— Li-ion (average)

Li-ion Cylindrical —
Li-ion Prism atic —

— Li-ion Polymer ___

1999

33

2000 2001 2002

(src: [Blo04])

2003

2004 2005 2006
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Tesla Gigafactory 1 ﬂ(".

* huge factory for lithium-ion batteries

» currently under construction (Apr, 2016)

» expected to reduce cost of 1TkWh by 30%

» planned annual battery production capacity of 35GWh

(src.:www.teslamotors.com)

[
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Improving gravimetric, volumetric characteristic ..\X‘(IT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

« example: metal-air system
e obtain oxidant from environment to reduce weight and volume
 anode is metal (eg. Al, Li, Zn, ...)

* positive electrode is ambient air.

-l Negative electrode:
Zn+4OH — Zn(OH'),>+2e E,=-1.266V

J Positive electrode:
%0,+H,0+2e" — 20H E,=0.401V

J Allover reaction:
Zn+H,0+%0, -2Zn0O E,=1.667V

[
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Metal-air system (cont’'d)

AT

Karlsruhe Institute of Technology

» QOxidation reaction of zinc with
oxygen produces very high
energy density: 1350 W-h/kg
(theoretical)

« Reaction begins by presence
of air and continues until zinc
has been used up

energy
density

- For continuous use only

- No re-charging (then energy densit
would drop)

+ low cost
+ simple to use

+ environmentally OK (no heavy or
noble metals nor hazardous
compounds involved)

Volker Wenzel 36
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14,0

11

14,000

8,400

00

2,800

v 11,200
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= [ o
3,4003,600
E 2,800
2, 2002’ 500
| 1 3‘:":’I I
odiumiair magneasium’ aluminium/ berylium/air
air t.
zinc calciumiair titanium/iai hiumiair -
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Metalfair batteries
Metalfair batteries

13,200 13,300

m
itanium/iair lit

iumfair titanium/air lithium/air

src..en.wikipedia.org
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Sources _\&(IT

Karlsruhe Institute of Technology

[Piguet04] Ch. Piguet (Ed.), “Low Power Electronics Design”, CRC Press, ISBN 0-8493-1941-2, 2004.

[Marc03] Marculescu, D.; Marculescu, R.; Park, S.; Jayaraman, S.;
“‘Ready to ware”, Spectrum, IEEE ,Volume: 40 , Issue: 10, Oct. 2003, Pages:28 — 32.

[StaPa04] Th. Starner, J. Paradiso, “Human-generated power for mobile electronics”, appeared in “Low Power
Electronics Design”, CRC Press, 2004.

[Blo04] D. Bloch, “Miniature fuel cells for portable applications”, appeared in “Low Power Electronics Design”, CRC
Press, 2004.

[Marw03] P. Marwedel, “Embedded System Design”, Kluwer, 2003.
[Raghunathan] A. Raghunathan, Tutorial on low power design, held at various CAD conferences
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