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Limits to Battery Energy Density

Energy Density by Mass (MJ/kg)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

TNT

2012 - Nanowire-based
lithium ion battery

2004 - Lithium ion at its
current max

1991 - Lithium Ion battery
released

1899 - NiCd battery created

• Processing power doubles every 2 years, but…
• Battery capacity doubles every 10 years
• We need a more efficient way to enable longer life

University research 
in progress



Available Energy is All Around
Light 

Motion and vibration

Radio frequency

Heat
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Presentation Notes
There is abundant energy in our environment.  Examples of energy sources are: light, vibration, body heat, chemical, RF (base station) .  The trick is to convert that ambient energy into useable electrical energy to power a microcontroller.

So we've been able to demonstrate to you that what TI has done is been able to drive down system power, combination of analog, digital, and power management, to the point where we're reaching what we would call a sort of inflection point and that is that we're able to make practical, useful systems down at the milliwatt or lower range.  And at that range, it becomes possible to actually look around us and harvest some energy out of the environment.  So there are the obvious things like light, both solar and electrical light.  I show a 100-watt light bulb here, and in fact, it's interesting to note that a human puts out about 100 watts as well.  So there are serious sources of power around us.  All we need to do is be able to harvest 100 thousandth of the power from a light bulb or from your body in order to run a practical application like a body temperature sensor or a pulse sensor or some other blood, vital sign, statistic sensor.  

Other sources of energy maybe not so obvious around us are the radio frequency that's unused of the base stations that are driving our cell phones.  Not all of that energy is needed for the cell phones, and we've got systems down to the point of power consumption in which they could practically harvest some of that energy and do useful things.  Other, maybe less obvious, sources of energy are the vibration that either buildings or bridges -- You know, they're available in either buildings or bridges at all times.  So we get to the point where we can look around us and say there's some energy, enough energy.  If we can harvest some of that energy, we could actually drive some of these systems that we've driven to a low enough power that they can run off practically harvested ambient energy.



Energy Harvesting Basics

• Energy harvesting is the process by which 
energy is captured and stored

• This term frequency refers to small autonomous 
devices – micro energy harvesting

• A variety of sources exist for harvesting energy
– solar power – salinity gradients 
– thermal energy – kinetic energy
– wind energy – radio frequency



Energy Harvesting Isn’t New
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Of course energy harvesting is nothing brand new.  You've seen the road signs, temporary road signs that are drawn off solar power and those decorative lamps that are popping up in people's gardens around the neighborhoods.  I guess not everyone is aware that the toll-tag type or pay phone-tag type, RFIDs actually run off harvested power today, and they absorb a pulse of energy from the reader, use that energy, store that energy, and use it to retransmit the identity of the reader.  So there are real applications using harvesting today.  It's just a matter of improving our harvesting capabilities, proliferating harvesting devices, and applying them to useful systems.  
I show a contact diagram of power being harvested from ocean waves, and in fact, there are practical applications today where ocean-going buoys are using large membranes of artificial muscle that produce power when they move.  And they put a big ball-bearing in the middle of that membrane.  And as the waves move the buoy, energy is absorbed from that artificial muscle and used to power the sensors that measure ocean swell size and direction and temperature and transmit it up to satellites, which then correlate the data and allow us to populate weather maps around the world.
So let's take a look from here.  if we have a practical system in, which we've driven to a low enough power that it can run off harvested energy, what sort of applications are made possible?



Low data rate, low duty cycle, ultra-low power

Energy Harvesting Applications

Medical and Health monitoring Structure Health monitoring

Body Area Network

Smart building
Wireless Sensor Networks
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So one particular area that can be addressed with his low and no-power type of applications is like the office environment.  Today, most offices are built of cubes, temporary arrangements of workspaces and such.  Now when the office was constructed, there was a lot of permanent things, like light switches, thermostats and such.  In an environment where you could have sensors that took low or no power, you could distribute those to where the workplace is.  So each individual cube could have its own thermostat.  The light control could be there for that particular environment, and this allows a lot more flexibility in building utilization.  
Now for example, I used to work with an administrative assistant who was constantly cold, and I'm constantly hot.  So we have a little bit of a quandary when it comes to what temperature should it be, and I had control of the thermostat.  So I set it where I was comfortable, and that clearly made her uncomfortable.  So in response, the only thing that she could do was go out and get a little heater for under her desk, plug it in where she -- and then could be maintained warm.  That was a terrible waste of energy since she was trying to recover from the fact I was running air conditioning full time.  If she had the opportunity to have that same device and be able to have her own thermostat, then she would be able to control her own environment.  
It's not jus low power and no power that makes this possible, but it's also this low-power and no-power approach towards communication between these devices.  It's wireless communication.  And by doing this, you could form a network, and that network could interface with a resource-managing system and deploy the resources at the point they're needed.  And it would greatly reduce the power utilization in office environments and benefit everybody by creating a more comfortable scenario.
So what we've seen is that there's a real benefit in no-power devices or devices that can run off harvesting to retrofit environments to make them work better for us.  Let's look at a couple of possible applications that are all new, and we depict here a patient in a hospital.  And I think if anyone has been in a hospital or visited anyone in a hospital, you're aware that one of the great aggravations is that every hour or so you have a nurse show up and poke and prod and take measurements off you so they can keep an eye on your progress and your vital statistics, your vital signs.  And imagine a sensor that could be just adhered to your skin, could run off your body heat, measure the types of data that people are looking for, your temperature, your blood pressure, your heart rate, your blood oxygen level, and transmit those wirelessly to the base of your bed or to a central station.  This not only improves the patient's comfort factor in the hospital and improves their recovery capabilities, but it's probably also going to make it possible to staff the hospital more efficiently.  And you can imagine a single person could observe and monitor far more patient's than is currently needed to do the same job.  
So the ability with things like technology like this to extend the reach of technology into things like patient monitoring.  Of course, looking below that to the bridge, the patient doesn't necessarily have to be human.  If you can imagine us taking a set of strain gauges and paint condition monitors and vibration monitors and attaching it to a structure like the Golden Gate Bridge.  And to be able to, again, wirelessly correlate this data and observe the health of the structure and the use level of the structure, over time, it would help us to make sure that the thing remains safe and that we were able to maintain it at a minimal expense.
So again, new applications retrofitted into existing environments in which it would be impossible to put power or wire.
And another application space that has lots of growth opportunities is actually the consumer space, especially centered around the home.  We have previously talked about RFID and how that uses harvested energy to identify your vehicle when it's passing through a tollgate.  That same approach could be used for like controlling security gates, your garage, and if you look at that, then you no longer need that clicker that you associated with garage door openers and especially the management of that, making sure that it has fresh batteries and that you haven't lost it.
Just as an example and we show a lot of them here with things that can be done as far as sprinkler systems sensing when you need them; turn them off and connecting all those measurements wirelessly to home-control units.  We can just kind of narrow it down to one focus right now.  Let's just talk about the lowly smoke detector.  Now today's smoke detector is meant to detect particles in the air and alert the sleeper or the occupants of the house to a problem, indicating if there's smoke there must be a fire.  Well, in a typical year, about 900 people in the United States die with smoke detectors installed in their living area.  And the reason they die with even smoke detectors is because the smoke detectors don't sound, and the principal reason for them not sounding is they have lost power.  They either have the battery disconnected or poorly connected.  So why does that happen?  I can tell you my example is that in the middle of the night is when these things usually start beeping saying that their battery is low, and you really don't want to service your smoke detector at that time.  What you really want to do is make it stop beeping, which means you probably go up there and pull the battery out of it.  Your intentions were good.  You're going to install that battery back in, but you simply don't do it.  So now you have a smoke detector with no means of alerting it. 
The other thing that, you know, just finding the battery for a smoke detector is not without some amount of work.  Like in our particular house, we have the battery drawer.  It has a multitude of batteries in there.  And because of our teenagers' activity and the way they treat batteries, an old one is pulled out and a new one is put in, and the old one is dropped back into the drawer.  And so you have a whole collection of batteries that you're not sure of the capacity and such.  And just removing that aggravation would certainly be a benefit to the consumer.  But you can see; once you create these low and no-power applications and then connect them together with this low and no-power networking system, it creates a lot of opportunities to make the consumers' life much, much better. 




Energy Harvesting Tradeoffs
• Advantages

– Mobile: no power wires
– Easier installation
– Lower maintenance
– Environmentally friendly
– Higher uptime

• Disadvantages
– Dependent on availability of 

harvestable energy source
– Strict power budget
– Upfront cost may be higher
– Less mature technology
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Tree picture: http://www.benarent.co.uk/portfolio/energy_tree/energytree.html 



When Does Harvesting Make Sense?

• Harvestable energy available
• Difficult to install or power devices
• Difficult to reach devices for maintenance
• Cords too costly 
• Numerous devices
• Environmentally friendliness required
• High uptime demanded

One or more of these characteristics are required for
energy harvesting to make sense compared to batteries



Permanently Powered Wireless Sensors

• Remote patient monitoring
• Harmful agents detection
• Efficient office energy control
• Surveillance and security
• Detecting and tracking enemy 

troop movement
• Vineyard or other agricultural 

management
• Home automation
• Implantable sensors
• Long range asset tracking
• Aircraft fatigue supervision

Remote patient monitoring
(body heat)

Structural monitoring

 
(motion)
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Wireless sensor



Tree Energy Harvesting

The sensor system produces enough 
electricity to allow the trees' temperature 
and humidity sensors to regularly and 
wirelessly transmit signals. Each signal 
hops from one sensor to another, until it 
reaches an existing weather station that 
beams the data by satellite to a forestry 
command center. 

A new MIT tree 
sensor system taps 
into trees as a self- 
sustaining power 
supply. Each sensor 
is equipped with an 
off-the-shelf battery 
that can be slowly 
recharged using 
electricity generated 
by the tree.



Anatomy of an Energy Harvesting System

Energy 
Harvester

Ambient energy: light, heat, motion, RF, etc

Ultra Low Power
Microcontroller

Energy Storage 
& Power Mgmt

Sensor(s) Low Power 
Transceiver

Environment: temperature, status, position, etc



Energy Harvesting Design Guides

• Power budget – peak & standby
• Energy duty cycle

– Ein vs. Eout

• Energy source
• Energy storage
• Operating condition
• Storage conditions
• Response time
• Cost of ownership



1uW 10uW 100uW 1mW 10mW

Seiko watch
~5uW

2 channel EEG
~1mW

100mW 1W+

Energy Source Characteristics Efficiency Harvested Power

Light
Outdoor 
Indoor

10~24%
100 mW/cm2

100 µW/cm2

Thermal
Human
Industrial

~0.1%
~3%

60 µW/cm2

~1-10 mW/cm2

Vibration
~Hz–human
~kHz–machines

25~50%
~4 µW/cm3

~800 µW/cm3

RF
GSM 900 MHz
WiFi

~50%
0.1 µW/cm2

0.001 µW/cm2

AdaptivEnergy
~10mW

~30mm

Holst Center
~40uW

Energy Harvesting Sources

BigBelly
~40W

Elastometer
~800mW
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Holst Centre is an independent centre for open innovation that develops generic technologies and technology platforms for wireless autonomous transducer solutions and systems-in-foil. 



Harvesting Thermal Energy

Nature 413, Oct. 2001

Thermocouple

Thermopiles
- thermally in parallel
- electrically in serial

Si-thermocouples on chip

Thermoelectric Seebeck Effect

Temp. gradient drives heat flow

Carnot Efficiency
≡

 

∆T/TH

Electrons and holes flow in 
N-type and P-type lags made 
of semiconductor materials
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Si-thermocouples on chip
(Enocean, Nov. 2007)

The normal temperature of skin is about 33 °C or 91 °F 



ElectromagneticElectrostaticPiezoelectric

• Vibration motion 
of magnetic field

• Current flows in the 
static copper coil

• Vibration beam  
bending (strain)

• Piezoelectric material 
converts mechanical 
strain into electrical 
energy

• Vibration motion of 
oscillating mass

• Comb overlap area (A) 
change             

• Comb capacitance (C) 
change

• Voltage change at 
constant charge (Q)

d
AC 0ε= Q = CV

Overlap Area (A)

Harvesting Vibration Energy



Vibration Solutions
• AdaptivEnergy 

– Highly efficient harvesting 
with periodic vibration

– Higher energy output density 
with small form factor

– Ability to customize to range 
of vibration frequencies

• Perpetuum
– Vibration harvester
– Sealed for rugged industrial 

environment application
– Available today 



Energy Harvesting Storage Required
• Scavenged energy is not constant
• Power not available on-demand
• High peak power not available
• An ideal energy storage device:

– Infinite shelf life
– Negligible leakage
– Unlimited capacity
– Negligible volume
– No need for energy conversion
– Efficient energy acceptance and delivery

…Ideal battery doesn’t exist



Energy Storage Options

Li-Ion Thin Film 
Rechargeable Super Cap

Recharge Cycles 100s 5k-10k Millions
Self Discharge Moderate Negligible High
Charge Time Hours Minutes Sec-Minutes
SMT & Reflow Poor-None Good Poor
Physical Size Large Small Medium
Capacity 0.3-2500mAHr 12-700uAHr 10-100uAHr
Environmental Impact High Minimal Minimal

Presenter
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One amp represents a rate of electron flow of 1 coulomb of electrons per second, so a 1-farad capacitor can hold 1 amp-second of electrons at 1 volt. 

Super Cap Info:
Advantages�· Virtually unlimited cycle life - can be cycled millions of time.�· Low impedance - enhances load handling when put in paralleled with a battery.�· Rapid charging -super capacitors charge in seconds.�· Simple charge methods - no full-charge detection is needed; no danger of overcharge.
Limitations�· Linear discharge voltage prevents use of the full energy spectrum.�· Low energy density - typically holds one-fifth to one-tenth the energy of an electrochemical battery.�· Cells have low voltages - serial connections are needed to obtain higher voltages. Voltage balancing is required if more than three capacitors are connected in series.�· High self-discharge - the rate is considerably higher than that of an electrochemical



What is a Thin-Film Battery?

• Small, electrochemical batteries fabricated to 
deposit thin layers of battery materials

• Main Features:   
– Solid State Cell Chemistry 
– Superior Cycle Life  
– High Energy Density 
– Flexible packaging options
– Negligible leakage
– Rapid recharge
– Broad temperature performance 



Thin Film Battery Solutions
• Cymbet

– Surface-mount
– Packaged in QFN package
– No harmful gases, liquids or 

special handling procedures
– EnerChip CBC050 example

• Output Voltage: 3.8V
• Capacity: 50 µAh
• Package: 16-pin M8 QFN
• Size: 8 x 8 x 0.9 mm

• Infinite Power Solutions
– Flexible, electrolyte based 

rechargeable lithium battery
– Very thin: 0.11mm
– Flexible
– >10,000 recharge cycles
– MEC101-7P example:

• Output Voltage: 4.2V
• Capacity: 700 µAh
• Size: 25.4 x 25.4 x 0.11mm



EH System MCU Design Challenges 
• Ability to operate with lowest standby current 

to maximize storage of energy
• Consume lowest possible power when active
• Ability to turn on and turn off instantaneously
• Efficient operation with lowest duty cycle of 

active vs. standby modes
• Analog capability for sensor interfacing and measurements
• Ability to operate with a low voltage range
• Lowest leakage currents to maximize harvested energy



Ultra-Low-Power Processing Required
• MSP430 is ideal for energy harvesting
• Low standby current <1uA 
• Low active current 160uA/MHz 
• Instant off and quick wakeup time <1us
• Integrated low power ADC for precision 

measurements (great for sensors) 
• Low operating voltage 1.8V to 3.6V 
• Low pin leakage <50nA
• Lower power, highly integrated new 

products: 5xx-based RF SoC
• Efficient 16-bit architecture with high 

code density and processing power



Ultra-Low-Power
 

Activity Profile

• Extended Ultra-Low-Power standby mode
• Minimum active duty cycle
• Interrupt driven performance on-demand

Presenter
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The MSP430 is designed specifically for battery-powered measurement applications.
The average system power consumption is the absolute lowest, without compromise in performance. The system enters and remains as long as possible in an ultra-low power standby mode and is awoke only to service interrupts as fast as possible.
Multiple oscillators are utilized to provide both an ultra-low power standby mode, and “on-demand” high-performance processing. The clock system is very flexible and allows the MSP430 to operate optimally from a single 32KHz crystal – with the internal digitally controlled oscillator (DCO) used for the CPU and high-speed peripherals. 
A low frequency Auxiliary Clock (ACLK) is driven directly from a common 32KHz watch crystal with no additional external components. The ACLK enables the MSP430’s ultra-low-power standby mode (LPM3) and an embedded real-time clock function. In LPM3, the MSP430 typically consumes in the 1uA range. 
The integrated high-speed DCO can source the master clock (MCLK) used by the CPU and high-speed peripherals. By design, the DCO is active and fully stable in less than 6 µs with no intermediate steps. This enables “instant on” high-performance processing – no long start-up for a second crystal or 2-speed start-up required. Because the DCO is digitally adjustable with software and hardware, stability over time and temperature are assured.
To service interrupt driven events, the software efficiently uses the 16-bit RISC CPU’s performance in very short, “burst” intervals. Transition from standby to full active is less than 6us. This results in a combination of ultra-low power consumption and very high-performance immediately when needed.
To support  non-low power applications, a high-speed crystal up to 16Mhz can also be used. The device can also operate with no external crystal using only the internal DCO 




Ultra-Low-Power Wireless Connectivity
• TI offers a variety of low power wireless solutions
• Low Power RF devices (CCxxxx)

– Highly configurable
– Low power
– ISM Band:  315/433/868/915 MHz and 2.4 GHz
– ZigBee / 802.15.4

• Full stacks available: 
– Z-Stack
– TI MAC (802.15.4)
– SimpliciTI

• RFID also available



Getting Started



eZ430-RF2500 Development Tool

USB 
Powered

Spy Bi-Wire & 
UART Interface

MCU pins 
accessible

2x LEDs

MSP430F2274

Button
CC2500

Chip
Antenna

Emulation Removable RF

 Target Board
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It’s now easy to rev up your application in minutes with the new eZ430-RF2500, the world’s smallest complete wireless development tool for only $49! The tool provides all hardware and software needed to evaluate the MSP430 or complete an entire F22xx project.
The eZ430-RF2500 includes three tiny PCB boards, one emulation board and two detachable wireless target, connected with a 6-pin connector and encased in USB stick case. A tiny battery expansion board and 2 AAA batteries are also included for easy deployment of your wireless system. The MSP430 Tools CD-ROM is also included.
The eZ430-RF emulator board includes a USB connector and the circuits required to interface the development IDE software and USB port to the MSP430 target. A TUSB3410 is used for the USB interface. A TPS77301 provides 3.3V regulation and an EEPROM is used for non-volatile information. Additionally on the backside for the eZ430U an MSP430F169 is used to accelerate the interface to the target. ESD protection and a discrete components are also used. The eZ430-RF provide a regulated 3.3V to the eZ430-RF2500T target. 
The eZ430-RF2500T target board include an MSP430F2274, a CC2500, a 26MHz oscillator for the radio and a small chip antenna.  Additionally two LEDs (red and green) are provided for immediate feedback and a tiny interruptible pushbutton for user interaction.   18 carefully selected pins from the F2274 are accessible on the target on convenient a 0.1” centered though hole header and 4 additional pins are available when paired with the battery expansion board. 
The needed IAR KickStart Embedded Workbench IDE software and a demonstration project are provided on the included MSP430 Tools CD-ROM. IAR KickStart as well as 100’s of code examples and other support are available for free from TI’s website. The eZ430 uses the same IAR IDE as all other MSP430s so there is nothing new to learn.  Complete wireless network stacks such as TI’s SimpliciTI network protocol, also come with the tool and provide developers a complete starting point to develop a working wireless solution out of the box.   




No-Power Solar Energy Harvester
• Solar Energy Harvesting 

module for eZ430-RF2500
• Works in low ambient light
• Negligible self-discharge
• 400+ transmission with no light
• Adaptable to any sensor 

and RF network

eZ430-RF2500T 
Wireless Target

Solar Energy 
Harvester



Joule-Thief EVK from AdaptivEnergy
• Based on TI eZ430-RF2500 Wireless Dev Tool
• 60Hz Resonant Beam
• 440uF Capacitive Storage
• Perpetually Powered



Summary

• Ultra low power MCU enable perpetually powered 
operation through energy harvesting

• Various energy harvesters are available for many 
applications

• New energy storage technology enables new 
class of applications

• TI technology enables low power processing, 
sensing, wireless transmission, and power 
management 



Thank you.
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