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Power and Energy

• Why worry about power consumption?
– Battery life

– Wei ght 

– Si ze

– Heat

– Reliability
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Power and Energy

• Rel ationshi p bet ween power and ener gy
– Power = d/dt (Energy)

• Units:
– Power:  Watts
– Energy:  Joules
– 1 J = 1 W × 1 s
– Some equivalents:

• 1 W = 1V × 1 A
• 1 J = 1 V × 1 C

• “Low power” ≠ “Low energy” !
– E.g.  a system with low power consumption but long latency 
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Power and Energy

• No “magic bullet”—the whole system 
affects power consumption:

• We’ll start from the bottom and work our 
way up…

Software

Hardware

Power source
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Power Sources

• Typically batteries
– There are alternatives: sol ar panels, fuel cells, 

and so on.

• Battery parameters:
– Pri mar y (disposabl e) vs. secondary 

(rechargeabl e)

– Voltage

– Capacit y ( Either charge or  energy)

– Che mi stry 
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Power Sources

• Battery che mi stry
– Electrode materials determine voltage and theoretical 

capacity

– Realizable capacities are much less than the values listed
– A reference point: TNT energy capacity is  1300Wh/kg
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Power Sources

• Battery properties: Ideal
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Power Sources

• Typical battery voltage curves
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Power Sources

• Battery properties: Non-ideal capacity

(Adapted from Linden’s Handbook of Batteries)

Capacity versus power for several 
battery systems. 
A: Li/MnO2 2/3A cell; 
B: Zn/alkaline/MnO2 AA cell; 
C: Li-MnO2 AA cell; D: Ni-Cd
AA cell; E: Zn/alkaline/MnO2 AA cell; 
F: Li-ion AA cell;  G: NiMH AA cell. 
A and B are primary cells, C-G are 
secondary cells. Dashed lines show 
time of discharge for reference.
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Power Sources

• Esti mat ing battery life, first order:

L = Energy capacity/Average power

• Ener gy capacit y:  E = Vnom × Crating

• Average power: 

Pave =  Pa1×ta1 + Pa2×ta2 + … Pan×tan

where Pa i = average power i n state i, 

ta i = percent of ti me i n stat e i
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Power Sources

• Estimating battery life when capacity is 
non-ideal (roughly, less than 4 hours):

L = (C(Ppeak) × Vnom)/Pave

where Ppeak = max(Pai),

C(Ppeak) is the capacit y at the peak power 
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Hardware

• Done with power sources, now on to 
hardware:

• Most hardware can’t operate at the battery 
voltage:  
– Power suppl y required t o produce useful 

voltages

Software

Hardware

Power source
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Hardware

• Typi cal wearabl e syst em:

• If power suppl y were 100 % efficient: 
Pbattery = Pcomputer

Or:  VbatteryIbattery = Σ (Vcomputer-iIcomputer-i)

battery
power 
supply

software

computer

hardware

Vbattery
Ibattery

Vcomputer-i Icomputer-i
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Hardware

• Efficiency = Pout/Pin, or,  in our case, 

Efficiency = Pcomputer/Pbattery

• Two types of power supply:
– Li near regul at or

• Fewer components, usually less efficient

– Swi tchi ng regul at or
• More components, usually more efficient
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Hardware

• Linear regulator efficiency:
– For linear regulators, Iin = Iout

– Then Efficiency = VoutIout/VinIin = Vout/Vin

– But Vout ≤ Vin – Vdropout 

– Assume Vdropout = 1V, Vin = Vbat = 3.5V, Vout = 2.5V

– Then Efficiency = 2.5V/3.5V = 71%

– If Vba = 4.5V, Efficiency = 2.5V/4.5V = 56%

– Average efficiency is approx. 64%

– For every 1 W i n t he comput er, you need 
1 W/ 0. 64 = 1. 6 W from t he batter y … 

29 September 2001 Tom Martin
ISWC’01 Low Power Tutorial

16

Hardware

• Swi tchi ng regul at or efficiency:

• Typical efficiency > 90% over most of range, so every 1W 
for computer requires 1W/0.9 = 1.1W from battery

(From Linear 
Technology Databook)
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Hardware

• So me i mplicati ons:  Cascadi ng supplies

• Pbat = (Pout1 +Pout2/eff2)/eff1 
= Pout1/eff1 + Pout2/(eff1× eff2)

• If  Pout2 domi nat es, then overall efficiency will be 
cl ose t o (eff1× eff2)

battery power 
supply1

Pbat
Pout1

Pout2power 
supply2

eff2
eff1
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Hardware

• Power manage ment:  Putting i dle subsyst e ms i nt o 
low power modes

• Power-perfor mance trade-offs:  Decreasi ng 
perfor mance (and t hus power) while acti ve

• Difficult to call these “hardware” —t hey i nvol ve 
aspects of bot h hardware and soft ware
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Hardware

• Power manage ment:  Cost of t urni ng subsyst e m 
back on vs. power saved while it is off.

• Exa mpl e: IBM Mi crodri ve
– 0.45W spinning
– 0.07W standby
– 0.7W startup (2-3 seconds)
– Then drive must be able to shut off for 3.1-4.7 seconds 

to break even… 
• And this doesn’t consider the power consumed by the rest of 

the system during those 2-3 seconds…  

29 September 2001 Tom Martin
ISWC’01 Low Power Tutorial

20

Hardware

• Overall savings depends on fraction of total 
system power and fraction of time 
subsystem is idle

• E.g.  If subsystem is 10% of total power, 
then if we can shut it off all the time, the 
maximum savings is 10%…
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Hardware

• The equi val ent of Amdahl’s La w for power 
consumption:

Where Energy is the (const ant) battery capacit y,
Fidle is the fracti on of ti me i dle, 
Pidle is the power while i dl e, and 
Pactive is t he power while active
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Hardware

• Experimental example:
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Hardware

• Dyna mi c power manage ment: Beni ni, et. al. “A 
Survey of Design Techniques for System-Level Dynamic 
Power Management”, IEEE Trans. on VLSI, June 200

• Queuei ng t heory approach t o power manage ment:
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Hardware

• Non-ideal battery properties show that 
power-performance trade-offs are desirable:
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Hardware

• Simulation results:

Same 
average 
power, 

but much
greater

battery life
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Hardware

• Power perfor mance trade-offs
– CPU clock frequency

– Wireless transmit power

– Main memory bandwidth

• But lower power isn’t necessaril y more energy 
efficient, nor does it necessaril y lead t o more 
comput ations compl et ed per battery life …
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Hardware

• CPU cl ock frequency: Most previ ous wor k on t his 
pr obl e m makes t he followi ng assumpt ions:

• Power α fCV2

• Execution ti me α 1/f

⇒ Energy per operation is 

a) constant if V is kept constant 

b) proportional to s2 if bot h V , f  are 
varied by a fact or of s
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Hardware

• Problems with those assumptions:
– The CPU isn’t the only power consumer

– Performance doesn’t necessarily scale with frequency

– Implicitly assumes battery capacity is constant

• Must account for all three

• First, CPU as part of syst em power:  P = S +fCV2

• Then energy per operation = P/f = S/f + CV2

– Only constant if S/f << CV2
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Hardware

Expected
x:  Measured

•Second, memory bandwidth affects performance

Overall performance of loop at different CPU frequencies:
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Hardware
Normalized computations per battery life:
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Hardware

• Other major problem: Predicting work load
• Lots of people have looked at this:

– Weiser, et. al. “Scheduling for Reduced CPU Energy,” 
Proceedings of the 1st USENIX Symposium on Operating Systems 
Design and Implementation, 1994

– Govil et. al.  “Comparing Algorithms for Dynamic Speed-Setting 
of a Low-Power CPU,” 1st ACM International Conference on 
Mobile Computing and Networking, 1995

– Neufeld, et. al.”Policies for Dynamic Clock Scheduling,” Fourth 
Symposium on Operating Systems Design and Implementation, 
2000. 

• And t here are no good ans wers …yet
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Software

• Done with hardware, now on to software:

• General consensus is hardware savings are 
easier to achieve, but software savings 
could be orders of magnitude greater…

Software

Hardware

Power source
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Software

• Main areas of power savings in software
– Co mpilers

– Operating syst e m

– Applicati on

• Less previous work on power savings in 
software than in hardware
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Software

• Co mpilers:  Ti wari et.al. “Instructi on level ower 
anal ysis and opti mi zati on of soft ware, ” Journal of 
VLSI Si gnal Processi ng, 1996.
– Measured power of long loops of an instruction, added 

power info to compiler optimization

– Main finding is that fast software is more energy 
efficient

• Choice of instructions is more important than order

– Average power while active was about the same or 
greater, but execution time was decreased.

• Overall energy decrease
29 September 2001 Tom Martin
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Software
• Compilation:  Simunic et.al. “Energy –Efficient Design of 

Battery-Powered Embedded Systems,” ISLPED’99
• Energy vs. compiler and source code opt’ns for SA-1100 

SmartBadge, using cycle-accurate CPU simulator
• Compiler optimizations mostly < 1%
• Source code optimizations could be significant:

– Unsigned int division vs. signed:  15% more energy efficent 
– Table lookup  vs. switch statement: 50% more efficient 
– Integer variable  vs. char: 18% more efficient
– Function call overhead was significant—passing args in registers 

vs.  passing them on stack: 70-90% more efficient

• For large example, employing all optimizations saved 32%
– Time savings was 35%…
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Software

• Operating syst e ms:
– Two main specifications:

• Advanced Power Management (APM)
• Advanced Configuration and Power Interface (ACPI)

– APM is being phased out, ACPI is its replacement
– ACPI provides for both power management and power-

performance reduction
• Hardware/BIOS provides tables and low-level functions for 

device control
• OS provides means to read those tables, functions; uses them 

in drivers and kernel

• Global states, Device power states, Performance states…
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Software
• OS and Application software:  Lorch and Smith, “Software 

Strategies for Portable Computer Energy Management,”  
IEEE Personal Communications, June 1998.

• Categorizes software control issues:
– Transition: When should a component switch modes?
– Load-change: How can a component’s functionality needs be 

modified so it can be put in low power modes more often?
– Adaptation: How can software permit novel, power-saving uses of 

components?

• Other papers by Lorch study power problems of MacOS
– Threads active while not doing any work…
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Software

• Flinn et. al. “Powerscope: A tool for profiling the energy 
usage of mobile applications,” IEEE Workshop on Mobile 
Computing Systems and Applications, 1999

• Allows per process and per function energy measurement
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Wrap-up

• Battery life:  Is it really what you want to 
measure?
– Better measure: Wor k per battery life

• Suppose 50 % decrease i n CPU frequency gi ves: 
50 % decrease i n perfor mance, 
20 % decrease i n power:

• Then work per battery life = 0.5/0.8 = 0.63 
of original…
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Wrap-up

• Find out where power is going

• Things to keep in mind while measuring 
power: 
– Sa mpl ing rate of met er

– Latency of trigger
• I.e. you can’t measure a 100us function call if 

trigger latency is 1ms…
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Wrapping up

• Stupid notebook tricks--Windows login and 
my laptop:
– Wi ndows, logged i n, screen off: 11. 5 W 

– Wi ndows, logged i n, screen bri ght: 17. 0 W

– Wi ndows, logged i n, screen di m: 14. 1 W

– Wi ndows,at login prompt , screen di m: 27. 4 W

– Li nux, screen di m: 15. 1 W
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Wrap-up

• Ruminations on the future:
– Co mput ing will consume negli gi bl e power

– Co mmuni cati on will consume some power

– Hu man i nterface will be t he bi g hog

• Closing thought:

“Energy is eternal delight.” 
–William Blake, the Marriage of Heaven and Hell.


