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Abstract

Mobile devices power consumption is very high and existing power saving
solutions are not perfect. There are di erent approadcesto reduce power con-
sumption of mobile devices.

In this paper two approades will be preseried and ewvaluated. The rst
approad reducespower consumption with an application seneitive power man-
agemen deciding whenewer it is necessaryto switch into Power Saving Mode.
The secondapproach reducesenergy costs of transmissionsby computing the
optimal strategy to transmit with higheste ciency . Evaluation shows that both
attempts work fairly well in reaching the goal of reducing the energyconsumption
of IEEE 802.11devices.

1 Intro duction

Nowadays mobile connectivity becomeamore and more important. Wirelessnetworks
provide mobile computerswith cortinuous Internet connectivity. Power managemen
is neededsince network interfaceswould overly strain the limited battery capacity of
a mobile device.

Current wirelessnetwork power managemen often substartially degradesperfor-
manceand may ewen increaseoverall energy usagewhen usedwith latency-sensitie
applications. Thereforereducingthe energyconsumptionof wirelessdevicesis perhaps
the mostimportant issuein the widely deployed IEEE 802.11WirelessLAN. In this pa-
per two di erent approatesare preserted, both trying to reduceenergyconsumption
of WLAN devices.



The rst attempt is called Self Tuning Network Power Managemenh (STPM) and
reducesenergy consumption by adapting the behaviour of the network deviceto the
accesspatterns and intent of applications, the characteristics of the network device
and the energyusageof the platform.

The secondapproad is called Minimum Energy transmissionstrategy (MiSer) try-
ing to minimize the commnunication energy consumption in 802.11a/h systemsby
conbining transmissionpower cortrol with physical layer rate adaptation.

In this paper the two approaded are preseited [1, 2] and nally comparedto eah
other.

2 Self Tuning Network Power Managemen t (STPM)

As already mertioned the current network power managemeh degradesperformance
and may increasethe overall energy usage. The IEEE 802.11standard provides at
least the following two power modes\CAM" - Continuously aware mode and \PSM"
- Power savzing mode.

PSM causesan unacceptablel6-32xslowv down in the time to list directoriesstored
in Network File Systemsin comparisonto CAM.

STPM di ers substartially from thosestrategies.It considersthe time and energy
costsof changing power modes. In fact thesetime costscan be quite large for current
IEEE 802.11cards,somehundred milliseconds.

Furthermore STPM adapts its behaviour to accesspatterns and intent of appli-
cations. The basepower usageof a mobile computer is also consideredby STPM.
Applications are allowed to disclosehints about their intent in using the network in-
terfacewith a simpleinterface provided by STPM. The power managemen strategy is
then adapted to obsened network accesspatterns. By that energyconsumptioncan
be decreasedvhile accesspeedis increased.

Having descrited the generalidea of STPM, in the following part the designprin-
ciplesof the systemwill be revealed.

2.1 Design Principles

STPM is basedupon the following designprinciples:

2.1.1 Know Application Intent

Only little knowledgeabout the applicastionintent goesa longway. The mostcommon
applicationsissue le operationssequetially, thus NFS [3] often hasonly a singlere-
mote procedurecall in ight. The current IEEE 802.11bpower managemete ectively
limits NFS to oneremote procedurecall per beaconperiod. Although data rate of NFS



is low, its data rate would increasesubstartially becausese\eral remote procedurecalls
could completeduring eat beaconperiod. However PSM doesno transition to CAM
becausedt doesnot detect enoughnetwork tra c.

Another strategy would be to switch to CAM wheneer an incoming padket is
received, but this aggressie strategy works out poorly in other cases.

For exampleconsidera stock ticker application that receivesapproximately 10 pad-
ets per second.When power managemenhis enabledNFS and stock ticker application
receive roughly the sameamourt of data per second.Howeer stock ticker performance
will not improve when power managemen is disabled becauseit is already receiving
at its maximum data rate.

Without knowing the application intent, it is hard to distinguish between these
two applications. STPM allows applications to disclosehints about their intent using
the wirelessnetwork. This allows STPM to enable power managemenh only when
appropriate. Further a hint basedapproad helps STPM decideif the network device
can be disabledfor periods longer than the beaconperiod.

If eatr application discloseshints when it is transferring data and speci es the
maximum delay on incoming padket arrivals it is willing to tolerate, the STPM can
disablethe network devicewhenit is not being usedand ensurethat the application
delay constrainsare satis ed.

2.1.2 Be Proactiv e

Only little knowledgeabout the application intent goesa longway. The mostcommon
applicationsissue le operationssequetially, thus NFS often hasonly a singleremote
procedurecallin ight. The current IEEE 802.11bpower managemenhe ectiv ely limits
NFS to one remote procedurecall per beaconperiod. Although data rate of NFS is
low, its data rate would increasesubstartially becauseseeral remote procedurecalls
could completeduring ead beaconperiod. However PSM doesno transition to CAM
becausat doesnot detectenoughnetwork tra c. Another strategy would beto switch
to CAM whenewer an incoming padket is received, but this aggressie strategy works
out poorly in other cased4].

For exampleconsidera stock ticker application that receivesapproximately 10 pad-
ets per second.When power managemen is enabledNFS and stock ticker application
receive roughly the sameamourt of data per second.Howeer stock ticker performance
will not improve when power managemen is disabled becauseit is already receiving
at its maximum data rate.

Without knowing the application intent, it is hard to distinguish between these
two applications. STPM allows applications to disclosehints about their intent using
the wirelessnetwork. This allows STPM to enable power managemeh only when
appropriate. Further a hint basedapproad helps STPM decideif the network device
can be disabledfor periods longerthan the beaconperiod.



If eatr application discloseshints when it is transferring data and speci es the
maximum delay on incoming padet arrivals it is willing to tolerate, the STPM can
disablethe network devicewhenit is not being usedand ensurethat the application
delay constrainsare satis ed.

2.1.3 Respect the Critical Path

Latency is often critical when data transfersare driven by an interactive application.
The perceptionthreshold beyond which delays becomenoticeableto human beingsis
quite small. Typically this threshold is situated between50 and 200 ms. This means
that only a few small transfersin PSM can causea noticeable delay which may be
frustrating users. Howewer there is also a substartial amourt of network trac for
which latency is not critical.

For example streaming multimedia applicationsthat bu er data on the client can
tolerate delays commensuratewith their bu er sizes. To di erentiate betweenthese
two typesof network trac, STPM enablesapplicationsto hint whether a transfer is
a foreground transfer in which latency is constrained, or a badkground transfer that
is not time critical. In the rst caseSTPM tries to reducetransfer time and consere
energy in the secondcaseSTPM considersonly energyconsenation.

2.1.4 Embrace the Performance / Energy Trade-o

If a mobile computersbattery is fully chargedand the userintents to operate on battery
power for only a short time, energy consenration is unnecessaryand the user should
choosea power managemen strategy that maximisesperformance.

Howe\er if a mobile computersbatteries are nearly exhaustedenergyconseration
is of primary importance.

STPM providesa 'knob' to adjust the relative priority for energyconseration and
performance.By that a useris able to distinguish by himself weather performanceor
energyconseration shall be of priority for STPM.

2.1.5 Adapt to the Operation Environmen t

To set the correct power managemen policy, STPM must understand not only the
energy characteristics of the network interface but also those of the computer using
the interface.

The goal of power managemen is to extend a mobile computers battery lifetime
this meansthat the energyusageof the ertire computer must be minimised, not simply
that of the network device.

With incorrect useof network power managemet) the amourt of usefulwork that
a usercanaccomplishon battery power may decreaselt may alsobe possiblethat the



correct power managemen strategy for one device may be inappropriate for another
one.

2.2 Characterising Network Power Costs

Wirelessnetwork devicesdi er substartially in the typesof power saving modesthat
are supported and in the power that is usedin ead mode. Seeral 802.11bcardshave
custom adaptive algorithms implemerted in rm ware.

The power usageof di erent cardscan vary by a factor of two and the transition
cost of switching power modesdu er as much as 150 ms. In this approad to educe
power consumptiona bendmark was createdwhich measures:the basepower, when
a computeris in idle and no network card attached.

Further it is measuredhow much power is consumedin eadh mode (CAM, PSM
and others if existert), the transition coststo switch from one mode to another and
the averagepower usageto sendand receive 4 MB data in ead power mode. This
characterisation allows STPM to tune its behaviour to the speci ¢ card installed on
the system.

2.3 Setting up the Power Managemen t Policy

The STPM algorithm contains 3 rules which prescribe when power modesare to be
changed.

1. The systemswitcheswhen any application speci es a delay tolerancelessthan
the maximum latency of PSM.

2. A transition is alsoaccomplishedwhen any application discloseghat the forth-
comingtransfer will be large enough,sothat the expectedcostof performing the
transfer in PSM is larger than the expected cost of switching to CAM and then
performing the transfer.

3. Finally the systemtransitions whenany application discloses forthcoming trans-
fer and basedon recen accesgatterns, STPM expectsthat there will be many
short transfersthat the cumulative bene t of switching to CAM is greater than
the transition cost.

The rst caseis straightforward and doesnot needany explanation. When a transfer
hint is disclosed, STPM cheds for the secondcasewith a costbenet analysis.

First STPM calculatesthe total costof switching to CAM by adding the estimated
time and energy necessaryto switch to CAM to the transaction costs given by the
bendimark results.
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Figure 1: Self-Tuning WirelessNetwork Power Managemen

Then the resultis comparedto the estimatedenergyto performthe transferin PSM.
Time and energyof a single transfer is insu cien t in this caseto justify switching to
CAM. STPM calculatesan empirical probability distribution of transfer hint frequency

2.4 Evaluation

This approat to reduce energy consumption was investigated in di erent network
intensive application scenarios.

First le accessusing the Coda distributed le systemwas measured. Then le
accessusing NFS and playing streaming audio using Xmms. The last scenariois
hosting a thin client remote X application. Two of the test scenarioswill be presered
asexamples.

The rst gure shovs how performanceand energy usagevary for the coda [5]
scenariodepending upon the value of the STPM knob parameter. Eac circle rep-
resents results using STPM for a di erent knob value. Knob valuesof 0 - 70 yield
equivalent results. The boxes shav the performanceand energyusageacdieved when
native modesof the deviceare used. The results prove that STPM can reduce power
consumptionwhile improving the performanceof the device,even when the 'knob' is
set to minimum energy consumption the data transfer takes almost v e miutes less
in comparisonto adaptive power saving mode. Static power sazing mode is the less
energye cient solution, it takesalmost 15 more minutesto full Il the transfer while



Figure 2: Self-Tuning WirelessNetwork Power Managemen

energyconsumptionis reducedby approximately 12%in comparisonto CAM.

The next scenariopresened hereis play streamingaudio using Xmms. The graphs
show how the choiceof power managemenhpolicy a ects the power usedto play stream-
ing audio. Each bar shows the mean of three trials the error bars shav the value of
the minimum and maximum trial. The results shav that STPM works signi cantely
better than adapive power saving mode. Static power saving mode works as well as
STPM sinceSTPM will work in the samemannerwhile streamingaudio and pu ering
the date.

2.5 Summary

Wirelessnetwork power managemet can se\erely degradeperformanceof latency sen-
sitive applications and increasetotal energyconsumption.

Furthermore it is infeasibleto expect a userto tune the power managemet man-
ually. The results of the evaluation of this approad shav that STPM improves per-
formanceand energyconsenation comparedto current power managemen strategies.
Aditionally it doesnot confusethe user. The power managemehwill work on the badk-
ground with no needof human attention. It alsoenablesinterestedusersto distinguish
whether the priority shall be setto performanceor energyconseration.

3 MiSer System Overview

MiSer stands for Minimum energy transmission strategy and is another attempt to
reducepower consumptionof IEEE 802.11devices.



A WLAN devicecanbein di erent power modeslike transmit, receiwe, idle or doze
mode. It consumeghe highest power in the transmit mode and very little energyin
dozemode. In idle mode the deviceis required to sensethe medium and consumesas
much power asit doesin receive mode [6].

Seeral power managemen policies have been proposedto force an IEEE 802.11
deviceto erter doze mode adaptively at appropriate momerns to save battery power
asthe attempt to reduceenergyconsumptionpresened in the rst part of this paper.

An alternative way to consere energyis to apply transmit power cortrol (TPC)
[7,8, 9]in WLAN systems,which allowsa WLAN deviceto usethe minimum required
power level in the transmit mode and is complemetary to power managemen policies.

The IEEE 802.11physical layers provide multiple transmissionrates by employing
di erent modulation and channel coding shemes. For examplethe 802.11bphysical
layer providesy physical layer rates from 1 to 11 Mbps at the 2.4 GHz band. MiSer is
basedupon TPC and physical layer rate adaptation (PHY) [10, 11].

The key ideais to computeo ine an optimal rate power combination table indexed
by data transmissionstatus. Eadh ertry in the table is the optimal rate power com-
bination in senseof maximising energye ciency under the data transmissionstatus.
The data transmission status is characterisedby the payload of the data, path loss
from transmitter to receiver and frame retry courts. At runtime an energye cient
transmissionstrategy is determinedto minimize the transmissionenergycosts.

3.1 Table Establishmen t

In order to establishthe rate power conbination, a wirelessstation needsto know the
Network con guration that indicatesthe number cortending stations and determines
the requestto send (RTS) collision probability. Furthermore information about the
wirelesschannel mode is needed,that determinesthe error performanceof physical
layer rates. For gaining the required knowledgea simpleand e ective TPC medanism
is used. Each enry of the table is the optimal rate power combination in senseof
maximising the energye ciency under the correspnding data transmissionstatus.

The data transmission status is characterisedby data payload length, path loss
from transmitter to receiver and the frame retry courts. The energy e ciency is
de ned asthe ratio of the expecteddelivereddata payload to the expectedtotal energy
consumption.

This table is usedat runtime to determinethe proper physical layer rate and trans-
mit power for ead data transmissionattempt. When the table is computedo ine the
transmissionerror probabilities are negligible becauseof their smaller frame sizesand
robust transmissionrates.

It is also assumedthat future retransmissionwill be made with most energye -
ciert transmissionstrategies. Frame delivery is only successfuljf the requestto send
transmission succeedswithout collision and data transmissionis error free or results
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in correctableerrors. Otherwise the station hasto re-cortend for the medium to re-
transmit the frame. The requestto sendcollision probability varieswith the network
con guration and the data transmissionerror probability varieswith the wirelesschan-
nel mode.

Sincethere are only nite choicesfor the physical layer rate and transmit power
the energye ciency can be calculated for ead rate-power combination and the pair
that maximisesthe energye ciency is the most energye cient strategy for the data
transmissionattempt. If at least one of the frame retry limits has beenreaded, the
data frame will be discardedwithout any further transmissionattempt. So the rate
power table can be fully computed.

3.2 Runtime Execution

Before running the program the wirelessstation computesthe optimal rate power
combination for eat set of data payload and length, path lossand frame retry courts.
Thus, a rate power combination table is pre-establishedand ready for runtime use.

At runtime, the wirelessstation estimatesthe path loss between itself and the
receiwer, and then selectsthe power rate combination for the current data transmission
attempt by a simpletable lookup. If arequestto send/ clearto sendframe successfully
readesthe transmitter and an adknowledgemen frame is received correctly within the
time limit, the knows that the previous transmission was successful. The wireless
station will re-selectthe rate power combination for the next transmissionattempt.

If the frame cannot be successfullydelivered after maximum medium resenation
attempts or maximum data transmissionattempts, the frame will be dropped and the
next data unit will be attempted to be transmitted.

The fact that computation burdenis shifted o ine, simpli es the runtime execution
signi cantly. Therefore enbedding MiSer at the MAC layer haslittle e ect upon the
performanceof higher layer applications, which is a desirable feature for any MAC
layer enhancemen

3.3 Path Loss Estimation

To determinethe besttransmissionstrategy a mobile station hasto estimatethe path
lossbetweenitself and the receiver. A wirelessstation is enabledto report its transmit
power information in the IEEE 802.11h [1Z]standard.

The transmit power eld simply cortains the transmit power (in dBm) used to
transmit the frame containing the TPC Report elemem, while the Link Margin eld
contains the link margin (in dB) calculatedasthe ratio of the receiwved signal strength
to the minimum desiredby the station.

The knowledge of the received signal strength via RSSI (Receiwe Signal Strength
Indicator) is aswell asthe transmit power via the TCP report elemen found in the
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Figure 3: MiSer: An Optimal Low Energy TransmissionStrategy for IEEE 802.11a/h

frame, the wirelessstation can calculatethe path lossfrom the sendingstation to itself
by performing a simple subtraction.

The RSSI is passedto the MAC by the physical layer and indicates the energy
obsened at the antenna usedto receiwe the currert frame. Sincebeaconframesare
transmitted periodically and frequerly, a wirelessstation is able to update the path
lossvalue in a timely manner.

3.4 Rate Power Combination Table

The optimal conbinations of physical layer rate and transmit power, which achieve
most energy e cient data comnmunications are showvn in the graph under path loss
conditions.

As an example,when path lossis 80 dB this gure readsthat 54 Mbps, 96 dBm is
the most e cien t transmissionstrategy. Two more obsenations can be madefrom the
graph. When the path lossis large, the lower physical layer rates are preferredasthey
are more robust and have better error performance. When path lossis small, higher
physical layer rates are usedto save energysincethe duration of a singletransmission
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attempt is shorter.

The secondobsenation shows that a low transmit power doesnot necessarilysave
energy This is becausewith the samephysical layer rate using a lower transmit power
may leadto lessenergyconsumptionin a singletransmissionattempt, but the resultart
low signalto noiseratio at the receiwver sidemay causemore retransmissionsand more
energyconsumption.

3.5 Evaluation
3.5.1 Star Topologies with Varying Radius

The rst testing scenarioincludes a star topology where eight transmitter stations
are evenly spacedon a circle around one common receiver with a radius of 1 to 28
meters. Rate adaptation without transmissionpower cortrol achieveshighestaggregate
throughput becauseits constart use of strong transmit power allows it to choosethe

highestpossiblerate to transmit a data frame. On the other hand sincerate adaptation

has no transmit power cortrol, even within small networks it hasto transmit a frame
using a higher power than necessaryover a small distance, hence consuming more
energy MiSer achievesthe highestdelivereddata per joule becauseof its adaptive use
of the energye cien t combination of high rate and low power whenthe radius is small

and the robust combination low rate and high power when the radius is rather large.
The key ideais to selectthe optimal rate power conmbination, rather than the physical
layer rate or transmit power alone, to minimize the energy consumption. Note that

MiSer hasthe sametransmissionrange asrate adaptation sincea transmitter station

that supports MiSer can always lower the physical layer rate and / or increasethe

transmit power to communicate with a far away receiwer station.

3.5.2 Random Topologies with 50 Dieren t Scenarios

Testingsdemesalsoinclude randomly generatednetwork topologieswhereeigh trans-
mitter stations and their receivers were randomly placedwithin a 40 x 40 meter at
areawhile all stations are static. During these tests three obsenations were made.
First, MiSer and rate adaptation are signi cantly better than the single rate trans-
mission power cortrol sdiemesin ead simulated random topology. Second,MiSer
achieves comparableaggregatethroughput while delivering about 20% more data per
unit of energy consumptionon average. Third, transmissionpower cortrol produces
near constart aggregatethroughput regardlessof the network topology. Besidestrans-
missionpower cortrol hasthe lowest delivered data per joule in every scenariodue to
the arbitrary station locationsin random topology networks.
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3.5.3 Random Vopologies with Varying Mobilit y

All the testing shemesare relatively insensitive to station mobility. The reasonfor this
insensitivity is that the devicesupdate their path lossconditions to the neighbouring
nodesupon ead beaconreception, which is every 100ms. Thereforewith a maximum
speed of 4 m/s the location di erence of a wirelessstation between two path loss
updatesis 0.2m which haslittle e ect on the path lossconditions and the subsequen
rate power selections.

3.5.4 Random top ologies with varying data payloads

During thesetests payloadssimulated are 32,64, 128,256,1024and 1500Byte. During
the testsboth, the aggregatethroughput and the delivereddata per joule increasewith
the data payload length for all testing schemes.

MiSer hasbestenergye ciency performanceand the gap betweenMisSerand rate
adaptation becomedarger asthe data payload length increases.This is becausewith
the samephysical layer rate, a larger payload results in a longer transmissiontime,
during which MiSer may uselow transmit power to save more energy

3.6  Summary

Basedon the obsenations from the simulation results, the e ectivenessof MiSer can
be summarizedas follows:

MiSer is signi cantly better than any other shemethat simply adaptsthe physical
layer rate or adjusts the transmit power. Physical layer rate adoption is very e ective
in saving energyand plays an important role in MiSer.

Applying MiSer does not a ect the transmissionrange while it is insensitive to
station mobility and most suitable for data communications with large data payloads.

The e ectivenessof MiSer relies on the condition that applying transmit power
cortrol on data transmissionswill not aggravate the "hidden nodes" problem and
the interferencein the network. So MiSer exdiangesrequestto send/ clearto send
framesbeforeeadt data transmissionattempt to dealwith the "hidden nodes" problem
and transmits the clear to sendframes at a stronger power level to ameliorate the
interference.

4 Conclusion

Since MiSer is designedas an intelligent transmit power cortrol medanism usedin
the transmit mode it is complemenmary to the power managemen policiesthat force
a wirelessdeviceto enter PSM at appropriate momerts to save battery energy How-
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ever a simple combination of two may not necessarilyresult in best energye cien t
performance.

For example when the network load is light and the trac is bursty, a wireless
station may want to usephysical layer rate adaptation shemewithout transmit power
cortrol instead of MiSerto nish the frame transmissionsas socon as possibleand then
have the opportunity to ernter dozemode earlierto save moreenergy This is supported
by STPM with the 'knob' to adjust betweenenergyconsenration and performance.

In this paper two fairly dierent approates were presenied trying to solwe the
problem of energyconsumptionwith wirelessdevices.STPM canreducetransfer time
while saving energy by disabling the device wheneer necessary MiSer reducesthe
energy consumption by optimiziong the transmit power while not regarding wheater
the deviceis switchedon or o .

Thus thesetwo approadiesare complemenary; a conmbination of both approates
may result in an even better approad. A devicethat is only switched on whene\er it
is neededand transmits at optimal power would signi cantely improve the quality of
wirelessLAN devices.
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