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Abstract

With the proliferation of devices such as mobile phones, pagers, palm top computers, personal

digital assistants (PDAs), and now the introduction of wearable computing devices, an important

question is "how are these devices to be powered?’ Currently it is common for over 50% of the

weight of these devices to be power related[13]. Further, a main concern of users and designers of

these systems is effective battery life. This research investigates two methods to reduce the power

consumed by (and thus increase the battery life of) these devices.

The first method explores the inclusion of a "super-capacitor’ in the battery pack. Recent re-

search in non-ideal battery modeling shows that, under certain circumstances, computations per

battery life has a closer relation to peak power than to average power. This paper shows that the

technique of adding a super-capacitor can reduce high power spikes, increasing effective battery

life by up to 10%.

The second method examines the wireless networking capabilities of current mobile systems,

and discusses how these capabilities affect battery life. It is shown that while wireless commu-

nications can be a battery drain, there is a space wherein it can be used to increase computations

per battery life. This increase comes through remote processing of jobs. The boundaries of this

space are explored and discussed, and a basic equation for deciding whether or not to process a

job remotely is derived. Using the measured characteristics of an available system, the equation

shows that a job must process for at least 1.4 milliseconds for each kilobit transferred wirelessly in

order for remote computation to reduce overall energy consumption.
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Section I

Overview

1.1 Introduction

According to Dr. Dan Stancil of Carnegie Mellon University, in the not too distant future

people will look back at the tangled mess of their wired lives and laugh. Yet, in the meanwhile

all of the current wireless devices are the victims of insufficient battery life [16]. A report by the

National Research Council notes that not only do batteries make up over half the weight of many

wearable wireless computing devices, but after a few years the cost of replacing the batteries in

these devices can exceed the original cost of the unit! [13]

Statements such as these make the motivation for this project very clear. As the world moves

away from wires, the need for high-capacity mobile power systems increases. Dr. Theodore Rap-

paport claims that wireless is "enjoying its fastest growth period in history"[ll]. Furthermore,

while the ratio of power consumption to millions of instructions per second (MIPS) is falling 

a factor of ten every five years, there are fundamental limitations on radio technology which will

prevent a similar improvement for wireless transceivers. Thus future generations of wearable and

mobile devices which communicate wirelessly will expend an increasingly larger percentage of
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their battery power in order to do so. It has been estimated that wireless communication will be

responsible for 80% of mobile power consumption by 2001 [13]. In order to reduce these and other

problems caused by increased reliance on batteries, several avenues are being explored.

The obvious approach to improving batteries is chemistry research. Unfortunately, this avenue

seems to be approaching a point of diminishing returns. In fact, battery capacity has only doubled

in the past 40 years [13]. One of the main reasons for this seems to be that the amount of energy

stored per kilogram of li-ion battery is quickly approaching the energy stored in the same mass

of explosives [13]. Packing more energy into the same space has become a very difficult problem.

Also, the problems of safe handling and disposal also bear serious consideration.

Another possibility for the extension of battery life is low power electronics, as can be seen

by the dropping voltages of processors and other support chips. For some chip families, in each

successive generation clock speed improves in combination with reduced power consumption

[12]. Based on this a new, energy-based Moore’s Law has emerged. From 1990 to 1995 the power

to performance ratio of chipsets has fallen by an order of magnitude every 30 months, and is

expected to drop by another order of magnitude between 1996 and 2001 [13].

In this paper, two other avenues will be explored. First, recent work in non-ideal battery

modeling has shown that, in some cases, battery life is more dependent on peak power than on

average power. To date, most estimates of battery life have been made based on average power

requirements which can over-rate battery life by as much as 50% [9]. Based on the premise that

peak power is the determining factor in battery life, this project will look into ways to reduce the

peak power of a system as seen by the battery.

Recent breakthroughs in material science have brought forth a new type of capacitor of hereto-

fore unheard of energy density. Such a capacitor in parallel with a battery, absorbs some of the

energy of a power spike and spreads it over time. Thus, the average power increases, while peak



power drops. As will be seen shortlj~ battery power often correlates to peak power, so these ca-

pacitors can effect an increase in effective battery capacity.

Second, the ability of mobile platforms to communicate wirelessly with server systems will

be explored in a power management context. If a small data set of an intensive algorithm is

sent to a system which is not subject to power limitations, battery power can be conserved. This

research presents an equation to determine whether a given task would extend battery life if it

were computed remotely.

1.2 Experimental Setup

The mobile device which all of the simulations and measurements in this report have been based

on is the Compaq Itsy computer. The Itsy has a clock-throttleable StrongARM processor with

eight megabytes (MB) of flash memor~4 64 MB of random access memory (RAM), three serial

ports, and a gray-scale touch screen display. At the highest clock frequency the processor is rated

at approximately 90 Dhrystone MIPS. The Itsy runs the Linux operating system, weighs about 120

grams, and consumes less than one watt.

The Wearables Lab at Carnegie Mellon University has added a PCMCIA daughtercard to the

basic Itsy design to enable wireless access via a WaveLAN PCMCIA card. The WaveLAN card

works in three modes : sleep, transmit, and receive. However, the Linux driver which was used

to test the power consumption of the card does not implement the sleep mode, so the empirical

results presented here are based entirely on the latter two modes. The implications of this are

discussed in Section 3.2.

In addition to the experimental apparatus, a Spice simulation was used to model the behavior

of batteries and capacitors which were not available. The battery simulations have two main



components, the battery pack, and the load. The Spice model used to represent these is discussed

in Section 2.4. The simulation was performed with Avant!’s HSPICE simulator on a cluster of Sun

SPARC machines.



Section 2

Hardware Power Management

2.1 Batteries : A Brief Review

Many volumes have been written on the various properties of both primary and secondary bat-

teries. For the purpose of this paper, a few working definitions have been presented in Appendix

B. Some of the pertinent and high level properties will be discussed in this section.

The battery properties which are of greatest concern to mobile systems designers as well as

users are capacity and voltage. Weight, volume, and safety (of use and of disposal) also bear

consideration [13]. A battery’s capacity can refer to either charge capacity or energy capacitN

which are similar but distinct quantities. Charge capacity is measured in Ampere-hours (Ah) and

indicates the length of time a battery can be discharged at a specific current. Charge capacity is

also referred to as a battery’s "C rating." Energy capacity is the charge capacity multiplied by the

nominal voltage of the battery, and thus is measured in watt-hours (Wh). A battery’s voltage 

the potential measured between the terminals of the battery~ and is fairly consistent for batteries

of a particular chemistry. However, a battery’s voltage is not constant over a discharge cycle. This

can be seen in Figure 2.1. Here, the voltage falls off non-linearly over the course of a constant



current discharge. Once a battery’s voltage falls below a specified value, 2.4 volts in this case, it is

considered discharged.
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Figure 2.1: Voltage versus Time for a li-ion Battery with a Constant Current Load. Note that the
voltage scale does not begin at zero.

Other properties, such as weight and volume, are usually conveyed in reference to energy or

power, since batteries are available in a wide variety of form factors. The four most common

statistics are specific energy (Wh/kg), energy density (Wh/L), specific power (W/kg), and 

density (W/L)1. Lastly, safety is one of the most overlooked battery traits. The heavy metals, such

as lithium and cadmium, which are used to create many re-chargeable batteries are not easily

disposed of once the useful life of the battery is oven Furthermore, about the only difference

between a pound of the latest lithium ion batteries and a pound of dynamite is the rate of energy

watts, Wh = watt.hours, kg = kilograms, and L = liters



discharge - the specific energies are comparable [9]. That said, safety and disposability will not be

discussed further.

A battery’s voltage is not constant over a discharge cycle. This can be seen in Figure 2.1. Here,

the voltage falls off non-linearly over the course of a constant current discharge. Once a battery’s

voltage falls below a specified value, 2.4 volts in this case, it is considered discharged.

2.2 Battery Requirements for Mobile Computing

Mobile electronic devices, especially those which interact directly with people, do not present a

constant current load. To the contrary, mobile electronics generally use a switching power supply

which looks (to the battery) like a constant power load. As can be seen in Figure 2.2, as the battery

voltage drops an increase in current is required to maintain constant power. However, as the user

places different demands on the electronics, the "constant" power seen by the battery fluctuates.

To elaborate, consider the average laptop. The laptop is composed of several subsystems, each

of which only has to be on (consuming power) when it is needed. These subsystems include

hard disks, CD-ROM drives, floppy disk drives, displays, and PCMCIA cards. Much of the time,

several or even all of these subsystems are partially or completely powered down. When all of the

subsystems (including the CPU) are in their minimum power states, the power drawn from the

battery is at a minimum - this state will be referred to as ’idle." When demands are made on the

system requiring various subsystems to power on, the power drawn from the battery can fluctuate

rapidly and significantly. For example, the Compaq Itsy has an idle power just under half a watt.

This power draw triples when the Itsy is decoding MPEG-2 video. Note also that the Itsy is not

equipped with a spinning disk drive nor a color display, which make up a considerable part of the

power draw on most laptop computers [12].
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Figure 2.2: Current Vs. Time (above) and Voltage versus Time (below) for a li-ion Battery with 
Constant Power Load. Note that the voltage and current scales do not begin at zero.

2.3 Energy Characteristics of Secondary Batteries

Figure 2.3 illustrates how a pulsed power load can lessen the energy capacity of a standard sec-

ondary battery. The solid line depicts the delivered energy capacities (Wh) of a li-ion battery

being discharged at various constant power loads. Note that as the load power increases, the total

energy delivered by the battery decreases. The z~’s show the same battery under a pulsed load

characterized by a 450 milliwatt minimum power and 10 watt maximum power (from left to right,

the/~’s indicate 10%, 50%, and 80% duty cycles for the load). Note that the energy capacity for 

pulsed load (e.g. the 10 watt peak load with 10% duty cycle represented at point A) is much less

than the energy capacity for a constant load with the same average power (e.g. 2 watt constant

power at point B). Moreover, note that for all three duty cycles, the pulsed power capacity is close

to the capacity of a battery undergoing constant power discharge at the maximum power of the
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pulse (e.g. point C for the 10 watt peak discharge). A similar phenomenon (though less noticeable)

occurs at the ’+’ marks, which indicate a pulsed discharge with an idle power of 450 milliwatts

and a peak power of 1 watt. It is also noteworthy that, if the duty cycle and pulse power are of

sufficient magnitude, the battery capacity driving a pulsed load is actually less than the capacity

of the battery driving constant load of magnitude equal to the peak pulse power. This is due to

several non-ideal battery properties including concentration polarization, ohmic polarization, and

activation polarization. These properties are discussed in detail by Dr. Martin in [9].

3.4- ~ ~ ~ t I
0 2 4 6 8 10 12 14 16 18

Average Load Power (watts)

Figure 2.3: Capacity versus average power for a standard battery pack under constant power and
pulsed power loads. Note that the battery capacity scale does not start at zero.
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2.4 Load Leveling with Super Capacitors

Based on the information presented in Section 2.3, it was theorized that large capacitative de-

vices could reduce the peaks seen by the battery pack, and thereby allow a pulsed power load to

approach the capacity of a constant power load. Recent advances in capacitor technology have

allowed large capacitors to come in small enough form factors that they are usable in mobile wire-

less devices [7], [8].

The super capacitors now available have capacitances of up to 20F and are slightly larger than

a AA battery. A capacitor of this size is able to reduce or remove short duration power spikes,

at the cost of raising average power slightly. Unfortunately, limited production has reduced the

availability of these capacitors. For this reason, the data presented herein comes from simulations.

Using a Spice model for the Li-ion battery, several different hybrid power supplies were modeled

at various duty cycles and peak power requirements. A block diagram of the simulated circuit

is shown in Figure 2.4. The left hand side is a model for a constant power load taken from the

work of Dr. Tom Martin [9]. From left to right, the independant voltage source is piecewise linear

(PWL) and is used to set the load power. The load power has three important characteristics: the

minimum power, the maximum power, and the duty cycle. The maximum power and the duty

cycle were adjusted to simulate different loads. The minimum power was set at 450 milliwatts for

all the tests, since this is the measured idle power of the Itsy. The second source is a dependant

voltage, equal to the power drain of the load divided by the voltage across the terminals of the

battery. The rightmost source sets the current across the battery equal to the voltage of the second

source. Since current can be defined as power divided by voltage, this circuit models a constant

power load by increasing the current in direct relation to the falling battery voltage. The right hand

side of the diagram is the hybrid battery module, simply a battery in parallel with a capacitor. Note
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that the battery here represents a complex model based on the ICR-18650 li-ion battery. The model

was developed by PolyStor Corp. and is presented in [5]. The battery itself has an estimated

series resistance (ESR) of .08f~ and a capacity of 1.25 ampere-hours (Ah). The capacitor half of 

battery pack represents the independent variable in the trials. The capacitor was modeled with

values of 1, 10 and 20 farads.

Constant Power Load Hybrid Battery

Pack

, ,PWL. ~ y V(IO) V(20) I II -’~-<xqY) ,,,, 

0 ,, 0

Figure 2.4: Block diagram of the Spice simulation circuit

2.5 Measurements

Figure 2.5 shows the progressive improvement as larger capacitances are used in the hybrid pack.

Note that as the capacitances increase, the pulsed load capacities begin to approach the capacity

of the constant power load at the same average power. It is also noteworthy that the gains do not

diminish with larger capacitances. In fact, it can be seen that the one farad capacitor makes little

or no difference in effective battery life. Larger capacitors weren’t measured, mostly because 20

farads is the largest capacitor currently available in a form factor useful for mobile devices.

Figure 2.6 shows the effect that the super capacitor has on the power seen by the battery in

the time domain. Note that the curve without the capacitor has a short duration and high peak

power, whereas the curves with the large capacitors have longer durations and lower peak power.

Essentially, the capacitor has spread the power pulse over time. The area under each of the curves

is roughly the same, but the height of the peak has been reduced. Based on the battery properties
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Figure 2.5: Capacity versus average power for various hybrid battery packs under constant power
and pulsed power loads. Note that the battery capacity scale does not begin at zero.

presented in Section 2.1, this lower peak power explains the capacity improvements seen in Figure

2.5.

Figure 2.7 is similar to Figure 2.6, with a higher duty cycle. Because of the higher duty cycle,

the 10F capacitor almost completely discharges during each power spike. In the case of the 1F, it

discharges several times over. As a result, in the case of the one farad capacitor, the battery has to

cope with both the peak load and recharging the capacitor simultaneously, making it a liability in

high duty cycle applications.

Figure 2.8 displays the improvement in battery life for different capacitors at low power re-

quirements. Notice that the five lines are almost indistinguishable at each duty cycle.

Figure 2.9 shows the improvement that a 20F hybrid battery pack gives over a standard battery

pack. Note that a 15 watt peak at a 10% duty cycle only yields a 10% battery life improvement.
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Figure 2.6: Power drawn by the battery in parallel with various super capacitors with a constant
power load of 10% duty cycle and I watt peak.

This maximum improvement occurs at a 10% duty cycle (and not at 1%, as might be expected),

because lower duty cycles begin to fall out of the range where capacity correlates more to peak

power. According to Dr. Martin, capacity correlates to peak power at duty cycles of less than 1

cycle per second, and at loads greater than 0.1 C. Remember that 0.1 C is a current of greater than

one-tenth the capacity (in ampere hours) of the battery [9]. In this case, the battery has a capacity

of 1.25 ampere hours, and a 10% duty cycle load presents an average current of

((1W ̄  .01) + (.45W ̄  .99))/3.5V 

Since .11 amperes is less than .1 C (.125 amperes for this battery), a 10% duty cycle will not correlate

to peak power.

Figure 2.10 shows possibly the most important tradeoffs; weight versus battery life, and vol-
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