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Did you ever own one of these?

Nokia 1110 (2004)

Average use: several days

Battery: 800 mAh

Source: GSM arena



Do you own one of these?

iPhone X (2018)

Nokia 1110 (2004)

Average use: several days Internet use: ~12 h

Battery: 800 mAh Battery: 2716 mAh

Source: GSM arena Source: GSM arena

Trend: as functionality increases so does the battery size
cost
env. impact




Batteryless systems
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Electrical vs electronic systems

Power (t) Ps

A

P, (Load Power) [W] deficit surplus

P

Water Boiler: 104

Grid-powered 0 12 o4  t[h]
Washing machine: 103

Goal: adjust P as f(P))

Cell phone: 10° E
"Battery-powered”

Wearables: 10-3

Goal: maximize lifetime (minimize P))



Low power embedded systems 6

Common DC Transducers Active power needs

L, O

Solar TEG

power density | <10mW/cm? <5mW/cm?

voltage range < 5 Volts < 0.5 Volts

fast (indoor)

slow (outdoor) Slow-changing

dynamics

Idle power: 10 nW



Reliable execution in batteryless systems

CC430 single wireless transmission
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Successful transmission depends on supplied energy (transducer + storage)

Assuming an adversarial source:

batteryless  battery-based
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Design Aspects



Harvesting-based systems

primary
energy

Environment

Energy Consumers
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Embedded System

Advantages:

Potentially large energy flow

Challenges:
Keeping modular design
Cost/space constraints

Making guarantees




Is harvesting a safe bet?

absolute guarantees —— predict the future

conditional guarantees correlate primary/electrical energy
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As a system designer, | want to minimize assumptions/requirements



But | also want immortal systems!

Desired lifecycle:

&

Freeze Time

m

silicon: millennia*
solar panel: decades*
batteries: 100's cycles

h &

deployment
(birth)

maturity

component end of service
aging (death)

Are long lifetimes the only reasonable design goal?




Predictability vs resilience

System should “live” as long as possible = —— large energy cycle Q
full - e
empty y Predictable
= ==/ Life

charging is expensive

System should “revive” as quickly as possible

small energy cycle Q

empty full

A Resilient

“Life”

charging is cheap



A few words about energy storage

'm not a battery expert! Ragone Plot

source: T. Christen et al.
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When are batteryless systems most useful?

A
Information: NONE AZAIWN:IRam NONE
| g > {
Electrical Energy: ] NONE pA\VZURN:IR3m NONE
é : " t
Primary Energy: | NONE WAVAIWA:{N=E NONE
: > 1

human activity
correlates with light



System requirements

We need: control voltage

retain data

Application

L. " low power techniques
We want. minimize energy (Q) -

 divide-and-conquer

We do not assume: regular availability

Environment specific transducers

We assume: primary energy > 0



Decoupled design
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System Dynamics

if(Q=E, ;)
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If | want T, = 24 hours

Q = 10 klJoules (AA batt.)
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off = 1S



Implementation



Energy Management Unit
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Performance evaluation
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Border values:

Converter-dependent: P, ~ 20 pW and n, < 0.8



Sample Applications 25

Application: storing Images in SD Card
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Sample Applications

Application: Estimating walking

speed

Estimated Velocity (m/s)
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Sample Applications
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Summary

Design methodology for batteryless systems

Decoupling for modular and scalable design
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