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The New Internet—

Societal-Scale Systems

The 1990s: o
Conquering the worl_d lll...:: i
The network revolution ™ = - g aeEany
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The 2000s:
Extending toward the small
Enabled by integration

and wireless connectivity

Pre-1990:
Client-Server systems
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Towards Fully Integrated
Embedded Systems-on-a-Chip or in-a-Package

While increased performance has
been the hallmark result of
Moore’s law, miniaturization and
cost reduction opens the door for
truly ubiquitous electronics
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Creates a New Agenda In Wireless

802.11..Solutions... -150,000,000.Computational Micros............
Bluetoath Vo U 281,300,000.Embedded.Micros. ...
solutions . 600,000,000.Digital.signal.processors

Source: DARPA as reprinted in “Communications of the ACM”; May 2000/Vol. 43,
No.5 (Courtesy Rob Poon, Ember Technologies)

Key Metrics: ¢
Cost, Size, Power, Reliability, and Ease of Use
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@ ZigBeeAlliance

About ZigBee News and Events Join ZigBee Resources Members Only
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e ZigBee Alliance iz an azsociation CMP

warking together to create a very lowe-cost, very wespusnessiens THE INDUSTRY SOURCE FOR ENGINEERS & TECHNICAL MANAGERS WORLDWIDE 0 FEEC
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communications SolLtl

consumer electronics, home and building

automation, industrial corteols, PC peripherals,

medical zenzor applications, toys and gamesz.

Companies test prototype wireless-sensor netsj B
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have reached the prototype stage ¢ Appeals court rules
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California at Berkeley and Intel, and are |e Research expert
EMEEDDED.COM being tested out worldwide today. panders next killer
iAPPI IANCFWFR annlinatinn




“Ambient Intelligence” (The Concept)

« An environment where technology is embedded, hidden in the
background

« An environment that is sensitive, adaptive, and responsive to
the presence of people and object

 An environment that augments activities through smart non

e -
Fred Boekhorst, Philips, ISSCC02 ( C cb¥
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Lastseen | A Example:

Solving Everyday's

Problems

Keeping track of Kyle's scooter

ID32 First seen
Scooter 08:02 08:26
Garage 08:02 08:04
School 08:31 11:32
Desk
School 12:32 14:45
Desk
Scooter 14:50 15:22
Garage 15:18 15:22

HPlabs and BWRC

Time  |08:00 ]09:00... |14:00 |15:00
Now —
Scooter - -
Garage |] U
Desk | |
{A}: Things seen {B}: Things seen
with Kyle between with Kyle
T[Garage] and between 14:50
T[School Desk] and Now

If {A} # {B} so Alert(“Forgot Scooter”)



Tackling Societal
Scale Problems

Smart buildings

Disaster
2 Mitigation

Traffic

management
Infrastructure

maintenance

L (ITRIS

Center for Information Technology
Research in the Interest of Society

Energy
management
Medical




Example: Seismic Monitoring of Buildings
BEFORE
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Energy-Aware Buildings




PicoRadio’s
Ubiquitous Sensor and Monitor Networks

Meso-scale low-cost radio’s for ubiquitous wireless
data acquisition that

 support low data-rates (< 100 kBit/sec)

o are fully integrated
—Size smaller than 1 cm?3

e minimize power/energy dissipation

— Limiting power dissipation to 100 pW
enables energy scavenging

« and form self-configuring, robust, ad-hoc networks
containing 100’s to 1000’s of nodes

Research Center



Energy Scavenging

How much energy can be obtained from a volume of 1 cm3?

Continous Power / émws. Life Several Energy Sources
1000 — Lithium
— Zinc-Air
NiMH
100 Li (rechargeable)
) — Solar
< Lo — Vibrations
% 10 — Alkaline
S
S
1 |
O h i [ (R
o 05 1 15 2 25 3 35 4 45 5 4
Years 515 ( C i
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Practical Means of Energy Scavenging

Piezoelectric bi-morphs

L
El P o

Photovoltaic
10-1500 pW/cm?2

Capacitive converter using
MEMS micro-vibrator

30 pW/cm? (on microwave oven)

[Shad Roundy (IML,UCB)]
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PicoBeacon: An Energy-Scavenging Radio

Regulator

Energy Storage
Capacitor (10 pF)
Modulated
Antenna Single solar cell oscillator + PA
(ceramic)
An exercise in miniaturization and FBAR

Berkeley Wireless |
Research Center |
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PicoBeacon: An Energy-Scavenging Radio

Observed RF signal

Voltage over capacitor Radio duty-cycle

|}

g =
Ambient light Medium Iigﬁt Intense light
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Energy Scavenging - Vibration

Input Acceleration
T

eeeeeeee
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P I ezo_bender DD n.lus D.I1 n.|15 seiﬁds . . .
prototyped for N
“In-tire” sensor network O i

Berkeley Wireless |
Other options. Thermo-electric, electromagnetic, fuel cells, microengines (ISSCC 03) Research Center _




Getting energy from temperature difference

Using heat of a han Using cold water
Bi-Te based thermoelectric converter

Battery-less wireless signal transmission using
temperature difference

Courtesy T.Douseki, NTT, ISSCC 2003, Paper #22.2 T.Sakurai



The road to low-energy, low-cost,
small-size solutions

o Simplicity rules!
— Advanced techniques used in traditional wireless
links are not necessarily relevant

o Standby power the greatest enemy
— Monitoring connectivity dominates overall power
— Leakage dominates digital power

« Redundancy as a means to create
robustness

— Elements and links can and will fall

— Learning about the environment may not be
worthwhile if it changes rapidly p | 4
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Low-Power RF: Back to The Future
(Courtesy of Brian Otis)

© 2000 - Direct Conversion
f.=2GHz

>10000 active devices

no off-chip components

5.0 mm

5.3 mm

RECEIVER
TUMENG

© 1949 - superregenerative
fc= 500MHz

2 active devices

high quality off-chip passives - hand tuning D. Yee, UCB




BaCk to The FUture IThin—FiIm BulkAcousticR&eonatorI

0SC1
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MOD1 1
Matching
Preamp ' PA o
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RF Filter = Eoor
RF Filter— EW T &

Det

MOD2
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Slmpllcny Rules
Minimizes use of active components — exploits new technologies

e Uses simple modulation scheme (OOK)

 Allows efficient non-linear PA

«  Down-conversion through non-linearity (Envelope Detector)
e Txand Rxin 3-4 mW range (when on)



An Operational PicoRadio (RF)

Single channel 4 mW transceiver
(assembled from prototype components)
Overall silicon area: a couple of mm?!

S21 Magnitude
HP 8719




4 mm

The Integrated Version

_ RIFARTP Fest

DEI:IEI:I.._.EI

e | pi- > TF
ewl 1 X [TF

MOD1 —>‘— |
Matching
e Network

« Technology: 0.13 um CMOS
combined with off-chip FBARs

 Carrier frequency: 1.9 GHz

* 0 dBm OOK

 Two Channels

e Channel Spacing ~ 50MHz

. 10 160 kbps/channel

( C cg-i’
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Low-Energy Digital Network Processor

Area Percentage Breakdown

DW8051
icrocontroller

63.6%

Serial

O DLL_queue logic B DLL_queue mem O Locationing

O SPI B UART O DW8051 logic

B DW8051 mem O supervisor EmDLL

B Baseband

Area:

Simplicity rules: 150 kGa;tes (not including memory)
« simplest possible processor *~4mm

Clock Frequency:

* on-mode: 16 MHz

« standby: 32 KHz

Power:

« ImW in full on-mode; <10 pW in standby

* lowest possible clock frequency
 operational voltage: 1V (130 nm CMOS)




Standby Power — The Greatest Enemy

0.45 . | Parameters:
[ jadna: » 3 packets/sec
4 | 5 x| « 200 bits/packet
035" } * 20 bit pre-amble
*5 neighbors
o * Pave = 250 LW » Synchronization using
028 TR N cycled receiver with Ton/T
: e . ] =0.1
ol 1 ]
oasF \
Dominated by TX
| e (+RX) power 1 Dominated by
- — | channel monitoring
| s T —a—a T T e power
I:II:I E‘ I;I- lli B 10 1.? 1I-1- 16
radio rate (bit'sec) ¥ 100
Increasing data rate of radio reduces total ’ ~ 4

{ { ¢ gl

. . . . i\ " s
power dissipation of PicoNode! Berkeley Wire,essgl
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The Reactive or Wake-Up Radio

" Wake-up Radio:
Low Gain, Low Sensitivity, Low BER

Wake-up Signal Information Burst RF Filter™
\ Detector
RF Filter}—

1 m

v

. : Env ‘ggbk
‘ »[RE Filterl— | il

RF Filter A £
S REEE— E T

Det
Shifts Burden to Transmitter 4
Reduces monitoring power to < 10 pW O
Berkeley Wireless |

Other Approaches: Cycled Receiver using Beaconing e



The Impact of the Wake-Up Radio

300
— Preamble sampling
— WWakeup radia
— WWakeup radio (all)
el Cycled receiver
R=100kbps=
200 - Tn*Ln=10 bps=
Wakeup Radio TuWy
= CSMA tcs=10us
=
= 150 F A
=t
= L
o
it Factor 5to 10
r@gduction over
cycled receiver
al -
\ 4
D 1 1 1 1 1 1 1 1 |
100 200 300 400 A00 BOO 700 800 900 1000 A

Facket size (bits) <
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Addressing Leakage:

Reactive Digital Network Processor
~ Y s

| Sen_sor/actuator actuators
— interface

User

interf
ntertace Aggregation/

forwarding

Energy Chip
train Baseba”d Supervisor
Reactlve
radlo
Antenna
LocalHW PHY

* Reactive inter- and intra-chip signaling ( < - ?%
» Aggressive Use of Power-Domains 4 Cos

Research Center |

_ _ al Berkeley Wireless |
» Chip Supervisor Manages Activity — essg



Introducing “Power Domains (PDs)”

Similar in Concept to “Clock Domains’, but extended to include
power -down (really!).

Timer subsystem System supervisor -
| system | Mios ooded sile L e, g
s b TR
4 \ Alarm § : :
‘ y Manager System % )
Next Alarm 4————————————J dggce)g;r e
Power Schedgler/ Chip Supervisor (or Chip O/S)
Chip Supervisor L.
 Maintains global state and
perspective

 Maintains system timers
» Alerts blocks of important events

: Domainl : Domain2 : Domain3: C c ol

Berkeley Wireless |
Research Center |



Power Domains — State-Preserving Power-Down

VDD Active mode

o L
_\ /_ NNEEEE RS
Standby mode ﬂ
oo Ul e @; = I
SRAM A m Regaratar
s &
I S— =
[o5] i)
F o IR ‘EP ...................... =
:NE &8 S .
Ramped Supply : :
[ ‘ i e
= = N E-———— oy ]
A : il i
1V = . __
vdd N 1=
1.3 mm? SRAM Leakage Control Test Chip
300mVv
+ Standby (0.23um Process, with 4K bytes SRAM embedded )

vdd

B L
200m0  )500m) ( < C ?ﬁ‘.':
Berkeley Wireless %

Memory Data Bit 4 @
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SRAM Leakage Measurement Result

T _ Data Retention Voltage:
= eakage distribution of i
z 02 t&et chgi]psrr?eawrted at 1%/0 " I . 80 Z0mV (mean 180 mV)
= : Leakage Current (1V — 0.3V):
g0 B Reduced by 97%!
E:Ej 0.1
=
é 0.05 ¢
0 0.2 0.4 0B 0.5 1

Sunnly Waltame A
0.13um 4K byte SRAM leakage measurement result

Discrepancy between simulation and

measurement. Leakage current increases G | )
. . . o

exponentially with Vdd due to DIBL and Lngin o) s A 7))

Channel |ength Varlatlon Short channel device V;,, and leakage
dependency on length and V4
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Pro’s or Con’s of Simple Radio’s
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effective path loss

Simulated response of PicoNode radio

Small Change in Path Loss
Has Dramatic Impact on
Transmission Quality

— Channel is either “good” or
“bad”

Reducing Symbol Time (or
Increasing Data Rate)
Reduces Energy/bit for
same QOS

— Factor 2 reduction in symbol
time for 1.5 db in path gain

Go for fastest possible
radio that simple scheme
allows (limited by ISI)

- e
{ gl

“"* \ - X
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The Variability of Link Quality

Broadcast quality over time as measured at the
BWRC round-table on a Friday

50 1 hi |I.

te [%]

/31 h 12/43 h 13/55h W 15/07 h 16/19 h 17/31 h
Time
7 e
] {

PicoRadio Meeting NAMP Meeting “%Berkeley\;\/ireleh
ss |
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Providing Diversity

 Traditional radio’s provide robustness through
diversity:
— Frequency: e.g. wide-band solutions (hopping)
— Time: e.g. spreading
— Spatial: e.g. multiple antenna’s

 All these approaches either come with
complexity, synchronization, or acquisition
overhead
— For instance, require channel estimation

A better approach: utilize the system properties!

gl

“l"‘ '\\' o
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Ad-hoc Multi-Hop Networks

Use redundancy of wireless

transceiver nodes to limit Tx power of individual radio to 0 dBm (~10 m)

radio range

““““ O \R intermediate node

@ O extended range

@ 2.4 GHz assuming d* path loss
* 1 hop over 50 m: 10 nJ/bit
* 5 hops of 10 m each:

5 x 16 pJ/bit = 80 pJ/bit

Multi-hop reduces
transmission energy by 125!

|n addition:
Multi-hop ad-hoc provides
reliability and robustness

{ - gl
Berkeley Wireless
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Not Networking as Usual

e Sensor Networks Behave as
Distributed Databases
— Expressed in terms of queries (not in

terms of the nodes generating or
requesting data)

— Example: “Give me temperature
information in the kitchen”

* Information “diffuses” from sources
to destinations via a sequence of
local interactions, pruned by
geographic information

 While spreading energy dissipation
evenly over the network

 Exploiting the redundancy and the Energy-aware routing
variability in the wireless data links

STy coreasmohicn 1or probels ksic routing (n micrn Jowkes)
=

Improve robustness by choosing link connection that is
available — this is, utilize spatial diversity



The Impact of Spatlal Diversity

"
~——

M EAVA
\ /S
7, \v/ 2 nodes
~ \
3 Deep J
fade due to Data gathered using

 multipath

©
o

PicoNodel testbed

distance [cm]

Adding a single node already changes broadcast reliability
dramatically — spatial diversity is the preferred way to
provide robustness in sensor networks

Berkeley Wireless |
Research Center |




PicoNode: The first sub-milliwatt sensor node

Version 1. Light Powered

Size determined by power

|

Version 2: Vibration. <&
Berkeley Wireless %
Power ed Research Center
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The Road Forward:
Computation in the Ultra-Low Voltage Space

Power dissipation the main
roadblock towards further 5 e
Integration and size reduction!

Aggressive voltage scaling
seems to be the only plausible
answer

— Drain-source leakage a major

fraction of power dissipation —
direct function of supply voltage

N

§upply \'\/)oltage ch)
S B R RV R

o
o

— Gate leakage one of the main 1 _ad

Minimum Feature Size (micron)

emerging challenges — again, a
very strong function of supply

voltage SIA Roadmap not
Below 500 mV design offers aggressive enough?
opportunity to reduce power N
dissipation of mobile sensor C oo
nodes by other major fraction Berkeley Wireless |

Research Center .



Computation in the Ultra-Low Voltage Space

How low can we go?

« While many noise sources scale,
some do not!
— Thermal noise

— Soft errors
Circuits are bound to start producing errors
when supply voltages are aggressively
scaled!
 Variability of threshold voltage
remains approximately constant,

causing gate performance to vary ‘ | ‘ | | | || | |
AN

# of Chips

widely
=> Explore circuit and architecture S

techniques that deal with
performance variations (e.g., self |
timed) and are (somewhat) Berkeley Wireless |
resilient to errors! Research Center |




Coming Full Circle: Using Diversity anad
Redundancy to Combat Errors in SoC

& |
MEM.CTRL.

Alpha 21264

L
E
i i

REMORA
Checker

-
]
.

12 mm?

Error-correcting Bus (. De Michell)
Trading off energy

versus yield or area
)

. ey
g
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Summary And Perspectives

« Ambient Intelligence and low data rate sensor
networks rapidly emerging as a major new player in
the information technopogy arena

— Opening the door for a whole new set of exciting
opportunities

— Leading to TRULY embedded electronics

 Bringing new meaning to the word “low-power” and |
“cool chips”

 Require afresh look at wireless integrated system
design

« But ... Anumber of intriguing challenges still to be
overcome

MAKING ELECTRONICS WORK FOR
YOU, NOT VICE-VERSA

The support of DARPA (PAC/C), NSF, GSRC Marco, Berkeley Wireless |

and the BWRC sponsoring companies is greatly appreciated. Research Center _



