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ABSTRACT

Evstemn lovel power manzgsment hx bemme 2 key
t=chnigus 0 rendsr modsm wirde= o@municztion
devices sconpamiczlly vizble Despite their relaively lame
impact on the sysem’s enserEy ConmMmplion, power
mefzEement for radios ha boon limited i shutdoven-based
schemes, while procesor have bensfited Fom suparior
technigues be=d on Dvwnamic Velze Scling (DVE)
However, similar scling approeches that trade of ensrgy
werss performence ars 2lo avaldbls for radice. To uwtilize
these in the radio power menzsement, existing packat
schaduling policies have i be thorooshly rehousht o
make them ensrgy-zwars, smantizlly opening 2 whols naw
szt of challenses the s=me way the inbrodudion of DVE did
to CPU t=k stheduline We uwse one spedfic scaling
t=chnigus, Demamic Moduldion Scling (DAS) == a2
wehicle to oulline theze challene=, znd b ntoduce he
intricades carsad by e non-presmptive naturs of packa
schaduling and the time-varving wirdes chanme]

L INTRODUCTION
1. System Power Manazement

In comemercial znd resesrch efforts alike, recent trends
haveshifted the smphasizin system dazign zway Fom ever-
incresing hronghpot slons Instead, snerey and power
cofEumption == broming ever more formidable and
important onstzine to 2ddres [2)22] Indasd, tachnology
intzgration znd minisurization keve intensifi=d cooling 2nd
padkaging challenp= In zddition. the enargy supply iEdf
iz often limited o build-in batteries, 25 untsther=d operation
iz desirsd for mobility 2nd postzbitity. A cl=s of systems
where iz chesrvation holds espedalty true iz that of

comEruication davics, which a2 20 beomming
inoresingly pravalant

To geduce powsr gpending withowt  =orificins
petiormEnce, sysbem desimners heve drawn on the conoept
of *enerey or power awarenss’ The key idez iz hat the
system only ddivers the porbmmence that & stidly
raquired, hereby amiding axparfuons power consmption
Power znd ensEy  awerensss  are  fersfore  often
paraphrzsed 2z " he right power'snsEy & the right ims 2nd

the sight place” When dezipning scoosding o this concept,
thers 12 w0 z3peds o considar the technigue iE=]f that
introducss the awarensss, and the powsr menzgement
shrabegy that exploik it

The olde=st 2nd moat strai ghiforeand echrigus i o st
down ezl pats of the gystem [3] Shutdown-besad
powel mEfapement hE been explored for haed dislz,
displais [17) ad commmunication modules [37), zmonsst
others. For procssors, it has besn inoorporated in the
kernd of Real-Time Operziing Spstems (RTOS) [35]
Howaver, 2 e with the devdopment of
Dromamic Voltzge Scdling (DVE) 2 technigue for digitd
circuils that i more efective than shidown [5] The
rezson i e convexr melwe of the power-gpesd cunve,
which @mez zhowt by vaving the opsrziine vaoltms
Mumerous DVE-based powsr management stratasizs have
besn proposed to hames this potentia [4)EN10L10[135]
[15R0IEL ][ 401

Unforiunatdy, snerpy-awarenes biought forth by DVE
iz r=tictad o digitz] droits, such 25 procssor, whidh
can leveraze DVE in el t=kechaduling engine. Voltams
scaling not being applicdle, &= it nevertheles poesibls ©
find a similar technique for other perts of the gratem? Or s
shuidorn thebest we can do?

2. Power Managenent in Commumnication Subsystans

The sezrch for superior pows mEnagement techniques
is egpadaily rdevant for the commmnication subsystem, znd
in thiz papsr. we intsdice and disoues 2 povwerfil scaling-
bazed zpprach that can be viswad a5 the counterpast of
DVE

The impostance of radio powss menzgement ariss: fom
the Gt that oamunication is oft=n the dominznt power
hoe in the @mplabe system [15] Whik the inherent enagy
consumpition of digitz] drouits is rapidly daoresing dus o
Moores Ew and ingenious design techniguss, the power
that is radiaed o cary information doss not Billw this
trend This obesrvation & patimlaty tne for wirde= BF
{radio-Fequancy) davics=, where the radiztsd power

on the tanemit disknoe and & plvsicly
comstrained by Marwdls laws With the inoresing
prolifration of callar phonss with htemet baowsing

czpabilii=. Blustooth-momnactad PDA':, and  wirdes
LAN:, rzdio powsr menzgsment will undoubtadly gain in
importance.

Radios typiclly poese 2 mumber of contral lmobe,
which give ris2 to 2 @dwex powsr-peridimancs Ve Az
such, Mess Inmobs can be usad to introdoce enargy
zwarensss in @ dmilar Eshion he operating voltaze did
DWE. Poesibls radio control lnobs 2r= the modulation lev,
the error coding, of @abinztions or both. We rafr to the
resulfine tethmique: 2= Donemic Modulztion Scaline
{DAE)., Dovnamic Cods Scaling (DCS) and Drymamic
Modolation-Coda  Sczling  (DAICE), repedively. To
provids ensEy awaenss, hey ned o be ntmratd o
the gyetem power manzgement

The zim of thizs papar & o provide insisht o such
scaling-bassd radin powsr menagsment strabegizs, e
zzsociated challenzs: and possible solutions. Fust 25 paopls
crzated snergy awars vemions of RTOE tzsh schaduline
polides. we investizste seEe-avars paded shheduling =
part of thess power menzgement strabzmes. Az 2 vehicls for
thiz exploration, we bous on Dynamic Modulation Scding
{DAIE), which we first intoduced in 28] It & 2 readiby
zoozssible ontrol kob i1 2 number of existing
comeruticztion gystems.

II. RrraTeD WoORK

DME for radios can be viswed = the counterpart of
DWVE for digitz] drouis, 2= both sxploit the peeancs of 2
cofven povwer-spead qurve via the nofion of scaling We
can Mersfore find inspiration in the way =k scheduling
wzz axtended to mahe it snsrgr-zwars, when developing
sneEy-gware peckha-stheduling polici=. Maverfdes, z
dired correpondance is impoesible dus to he inhaent
diferences bawesn radios and digitedl drouie, which we
will datsil in section IT4 Voltzee scaling was first
induded in selftimed cirmie (0] znd later extendsd
toward grnchronous ones [11] whers 2 budler iz used
smooth the load znd stesr the adeptation. The initizl DVE
wodk in operation gystem ressarch was in the contextof 2
wotkstztiondike  envimnment  [9]3E%) with  averass
thioughput 25 the performence metric Task schaduling
undar rezl-time constraink, fe., the prasence of dazdlines,
iz consideradin B[00 15]0 906 1JH0]

In the rezlm of comaunications, 2 shudorn pprad
iz propossd in 7). leverzging the time-varving nabws of
the wirsles channel Tranemizsions are deferred D mes
where te chamsl can spport ensEy eficient datz
tranemizsion, whils t2ling ko zcoount wvafious delsy
constraints. A scheduline technique based on amds scing
(DCE) i desoibed in (3] It finds zn eneEy-efficient
scheduls for 2 =2t of packet hat have o be tranzmitted

before zn overzll deadline. znd iz zimiler to the wod
presanted in [40] on procssor scheduling The besic
concapt of modulation scaling (DME), we proposad it first
in [28] Hers, we boild wpon this concept o desoribe 2
complate Fzmework for dynamic powsr menzgementof the
radio comemunication subsystem in wirsl=: embeddad
sysbems.

We explors radip powsr menzseement theough DAIE
which essantizlly r=liss on the zbility of the radio to changs
ik modulztion on the fly. This is indasd practically Ezsible,
znd  approprizte hardwars  architsdurs have  bemsm
devdoped [§] Odginally, thass architachres ware uzad for
2 diferent purpose, namely alzpins the modulation o
memimize e system feoushput [1)[36)FE] In iz caes
the appropdiate choics of the modulztion 1=re] only dapends
on ths cwrrent condition of the wirslss channd, znd dos
not imvalve any scheduling dedsons. On the ofer hand, =
vz will illustrate in this peper, ensEy avarenas s stronsly
related o schaduling, whers current decizions and firturs
avents 22 tghtly intenroven. Altoush uiilizing the =me
radio @ntral knob, DME and throosghpet maximization not
only serve 2 diferent purposs, bt 2lso requine complately
diferent zdaptation polici=. Thiz changs in mindsst &
similar ip the one that ocaured in the CPU world when the
dezsien gpel switched Som throughpet meximization ©
enargy afficiency.

IT. Dvsanac MopULaTIoN Scarmic (DMS)

When @osdenns energy-aware bechmques bavond
shudown, such 25 DME, we require soms mors insisht in
the operation of radios. In this section, we introducs he
basicz ofmodulztion scling.

1. Energy and DelayBreakdown
The first step in understandineg DAS & invstigating
how enerey znd thioughpot dapand on the modulation kvd
in a2 digitz]l wirdez ommunicztion sem In osde o
trznemit information, bits zr= o@dad ino channd grmbols,
which correspond to diferent waveiorms [24] The mamber
of posaible waveforms datermine how meny bils 2n2 codad
into one spmbal, which is given by the modulation 1=we] 3,
cxprezsad in muember of bits per svmbol. The averass time
to transmit one bit over the chanmel is the imverse of the
averzEe bt mte B =:d given by (1) whes Bp i fhe
symbol rzte fmmber of symbols that are trenemittsd par
seoond)
1
bR
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The energy zsmodatad with the transmizsion of ons bit
can be ewpresead = (20 The powsr nesded o gansrats fe
information canving eledtro-magnetic waves, i deliversd
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Basics of Technical Papers

A paper is different from a technical report

The most important parts of a paper
o Abstract
 Introduction

Abstract:
* Encourage the reader to read the full paper

Introduction:

» A reviewer typically makes the decision to accept or reject
the paper based on the introduction and reads the rest of the
paper looking for evidence to support this decision

e A casual reader will continue on if the introduction is
captivating



Writing Style

The flow is the most important
« Sketch it out
« Treat it like giving a talk in terms of flow
 Flesh this out before writing any finished sentences

General rules

« Appendices for the gory details, e.g. proof or algorithm description,
pseudo code

« Define all “variables’ (acronyms, unusual words, definitions)
« Explain acronyms first time they appear (abstract does not count)
| write like | talk, but not everyone likes this style
Consider forward references
* You can keep the flow without going into too much detail right away
» Prepares readers for what is to come: important for reviewers
« Very useful in the introduction



Title

e Long and descriptive

 E.g., “Linear-Time External Multipass Sorting with Approximation
Guarantees™

« Be careful not to go overboard

e Short and sweet
e E.g., “Approximate External Sort™
 Often not specific enough

 Middle-of-the-road length, plus a cute name that sticks
In people's minds:
 E.g., “Floosh: A Linear-Time Algorithm for External Sort”

« This is often a good compromise between specific and
descriptive



Abstract

Definition:
» Concise summary of a completed
research project or paper

Goal:

* Make the reader want to learn
more about your research, read
your paper, or attend your
presentation

« Even more important for online
publication — ‘sell your work’

Length:

» Typically, around 200 to 300
words

« Limit often specified
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Other Considerations for the Abstract

It takes time to write a good abstract

The abstract is a unique piece of text: do not copy content from
elsewhere in the paper

Style
o Explain acronym first time it appears or use the full description
* No details: no quotations, references, etc.
 Include relevant search terms

Keywords (below the abstract)
« Less important now with advanced search engines
» Used for assignment of review committee — be strategic



Structure of the Abstract

. Motivation: Why do we care about the problem? This section
sets the stage and specifies the area your work fits into.

. Problem Statement: What problem are you trying to solve?
What is the scope of your work?

. Approach: What did you actually do to get your results?

. Results: What did you learn, create, or invent? What's the
answer? Put the result there, in numbers.

. Implications: What are the larger implications of your
findings, especially for the problem or gap identified?

As a rule of thumb, each part should be one sentence, but feel
free to be creative



Motivation

Problem

Results & Implications  Approach

Example 1

Soft-input soft-output algorithms are the principal components
of the iterative decoding used in turbo codes and other “turbo’
feedback schemes. To enable an efficient implementation,
especially on energy constrained platforms such as portable
devices, it is crucial to reduce the computational complexity to a
minimum. We propose an enhancement to the MAX-LOG-
MAP algorithm by adding a traceback operation similar to that
used in the Viterbi algorithm, and devise a new efficient way to
Initialize the start state of the traceback. This enhancement is
effective for each decoding iteration, and provides saving on top
of existing techniques such as early termination and memory
optimizations. It reduces the computational complexity by an
additional 15%, without incurring any performance penalty.



Motivation

Problem

Approach

Results &

Implications

Example 2

In their quest to study the intricate underwater ecosystems,
oceanographic scientists need spatially-rich data that is collected
within the moving reference frame created by the oceans’ currents. To
this end, we are developing a system of networked underwater ocean
explorers that drift freely with the currents. However, effective
Interpretation of collected sensor data hinges on knowing the positions
of these drifters while submerged. Due to their uncontrollable motion,
positions have to be tracked in time. Unlike In static networks, position
estimation therefore represents a recurring cost, which should be
minimized for reasons of limited on-board energy supplies. In this
paper, we present a low-overhead scheme that Is able to trade accuracy
for energy savings by cleverly selecting the specific links that are
required for the self-localization algorithm. Our technique is also agile
enough to quickly adapt to on-demand changes in accuracy
requirements, and cuts the position estimation costs by 40% or more
under various ocean current dynamics.



Problem Motivation

Approach

Results &

Implications

Example 3

System-level power management has become a key technique to
render modern wireless communication devices economically viable.
Despite their relatively large impact on the system energy
consumption, power management for radios has been limited to
shutdown-based schemes, while processors have benefited from
superior techniques based on dynamic voltage scaling (DVS).
However, similar scaling approaches that trade-off energy versus
performance are also available for radios. To utilize these in radio
power management, existing packet scheduling policies have to be
thoroughly rethought to make them energy-aware, essentially opening
a whole new set of challenges the same way the introduction of DVS
did to CPU task scheduling. We use one specific scaling technique,
dynamic modulation scaling (DMS), as a vehicle to outline these
challenges, and to introduce the intricacies by the non-preemptive
nature of packet scheduling and the time-varying wireless channel.



Introduction

Five main elements

What is the problem?
Why is it interesting and important?
Why is it hard? (E.g., why do naive approaches fail?)

Why hasn't it been solved before? (Or, what's wrong with
previous proposed solutions? How does mine differ?)

What are the key components of my approach and results?
Also include any specific limitations.

Write about a paragraph for each main elements



Introduction (cont.)

You need to say within the first page or two (single
column) or first page (double column) what you are
doing (the abstract does not count)

You can be more informal in the introduction (my
personal preference)

Forward references are very useful in the introduction
(my preference) Do not end introduction with

The rest of this paper is organized as follows. We first
discuss motivation and related work in Section 2. In Sec-
tion 3 we describe our hardware measurement configura-
tion, benchmarking, and the resulting Mica2 energy model.
In Section 4 we describe the design of TOSSIM and our
modifications to it. Section 5 describes the implementation
of PowerTOSSIM in detail, and Section 6 presents exper-

iments to validate its accuracy and scalability. Section 7
describes future work and concludes.




1.1 System Power Management

In commercial and research efforts alike, recent trends have shifted the em-
phasis in system design away from ever-increasing throughput alone. Instead,
energy and power consumption are becoming ever more formidable and impor-
tant constraints to address [Benini and de Micheli 1997; Pedram 2001]. Indeed,
technology integration and miniaturization have intensified cooling and pack-
aging challenges. In addition, the energy supply itself is often limited to build-
in batteries, as untethered operation is desired for mobility and portability. A
class of systems where this observation holds especially true is that of personal
communication devices, which are also becoming increasingly prevalent.

To reduce power spending without sacrificing performance, system design-
ers have drawn on the concept of “energy or power awareness.” The key idea is
that the system only delivers the performance that is strictly required, thereby
avoliding superfluous power consumption. Power and energy awareness are
therefore often paraphrased as “the right power/energy at the right time and
the right place.” When designing according to this concept, there are two as-
pects to consider: the technique itself that introduces the awareness, and the
power management strategy that exploits it.

Low energy design is important for personal communication
devices.

We can achieve this through adaptation, which enables
energy awareness.



The oldest and most straightforward technique is to shut down unused parts
of the system [Benini et al. 1999]. Shutdown-based power management has
been explored for hard disks, displays [Lorch and Smith 1998], and commu-
nication modules [Wang and Mandayam 2001], among others. For processors,
it has been incorporated in the kernel of real-time operating systems (RTOS)
[Srivastava et al. 1996]. However, a breakthrough came with the development
of dynamic voltage scaling (DVS), a technique for digital circuits that is more
effective than shutdown [Chandrakasan et al. 1992]. The reason 1s the convex
nature of the power—speed curve, which comes about by varying the operat-
ing voltage. Numerous DVS-based power management strategies have been
proposed to harness this potential [Burd et al. 2000; Govil et al. 1995; Gruian
2001; Gutnik and Chandrakasan 1997; Krishna and Lee 2000; Manzak and
Chakrabarty 2000; Nielsen et al. 1994; Shin and Choi 1999; Weiser et al. 1994;
Yao et al. 1995].

Unfortunately, energy awareness brought forth by DVS is restricted to digital
circuits, such as processors, which can leverage DVS in their task-scheduling

This adaptation appears in two forms, and slowdown, which is
also called scaling, is more effective than shutdown.

However, scaling has only been shown for processors and not
for other parts of an embedded system.



1.2 Power Management in Communication Subsystems

The search for superior power management techniques is especially relevant
for the communication subsystem, and in this paper, we introduce and discuss
a powerful scaling-based approach that can be viewed as the counterpart of
DVS.

The importance of radio power management arises from the fact that
communication is often the dominant power hog in the complete system
[Raghunathan et al. 2002]. While the inherent energy consumption of digital
circuits 1s rapidly decreasing due to Moore’s law and ingenious design tech-
niques, the power that is radiated to carry information does not follow this
trend. This observation is particularly true for wireless RF (radio-frequency)
devices, where the radiated power depends on the transmit distance and is
physically constrained by Maxwell’s laws. With the increasing proliferation
of cellular phones with Internet browsing capabilities, Bluetooth-connected
PDAs, and wireless LANSs, radio power management will undoubtedly gain in
importance.

To remedy this issue, we will create scaling for the
communication subsystem.

This Is especially important since communications is a major
power hog of the entire system.



Radios typically posses a number of control knobs, which gives rise to a
convex power-performance curve. As such, these knobs can be used to intro-
duce energy awareness in a similar fashion as the operating voltage in DVS.
Possible radio control knobs are the modulation level, the error coding, or com-
binations, or both. We refer to the resulting techniques as dynamic modulation
scaling (DMS), dynamic code scaling (DCS), and dynamic modulation-code scal-
ing (DMCS). To provide energy awareness, they need to be integrated into the
system power management.

The aim of this paper i1s to provide insight into such scaling-based radio
power management strategies, the associated challenges, and possible solu-
tions. Just as people created energy-aware versions of RTOS task-scheduling
policies, we investigate energy-aware packet scheduling as part of these power
management strategies. As a vehicle for this exploration, we focus on dynamic
modulation scaling (DMS), which we first introduced in Schurgers et al. [2001a].
It is a readily accessible control knob in a number of existing communication
systems.

Fortunately, radios allow you to control some settings, thereby
enabling adaptation and scaling.

But to really leverage this ability, we need to design new power
management strategies and scheduling techniques.
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which @mez zhowt by vaving the opsrziine vaoltms
Mumerous DVE-based powsr management stratasizs have
besn proposed to hames this potentia [4)EN10L10[135]
[15R0IEL ][ 401

Unforiunatdy, snerpy-awarenes biought forth by DVE
iz r=tictad o digitz] droits, such 25 procssor, whidh
can leveraze DVE in el t=kechaduling engine. Voltams
scaling not being applicdle, &= it nevertheles poesibls ©
find a similar technique for other perts of the gratem? Or s
shuidorn thebest we can do?

The sezrch for superior pows mEnagement tachil
is egpadaily rdevant for the commmunication subsystem, 2l
in thiz papr. we intsdice and disoues 2 poverfil scalig
approach that can be viswsd 2= the counte

The impostance of radio powss menzgement ariss: fom
the Gt that oamunication is oft=n the dominznt power
hoe in the @mplabe system [15] Whik the inherent enagy
consumpition of digitz] drouits is rapidly daoresing dus o
Moores Ew and ingenious design techniguss, the power
that is radiaed o cary information doss not Billw this
trend This obesrvation & patimlaty tne for wirde= BF
{radio-Fequancy) davics=, where the radiztsd power

on the tanemit disknoe and & plvsicly
comstrained by Marwdls laws With the inoresing
prolifration of callar phonss with htemet baowsing

czpabilii=. Blustooth-momnactad PDA':, and  wirdes
LAN:, rzdio powsr menzgsment will undoubtadly gain in
importance.

Radios typiclly poese 2 mumber of contral lmobe,
which give ris2 to 2 @dwex powsr-peridimancs Ve Az
such, Mess Inmobs can be usad to introdoce enargy
zwarensss in @ dmilar Eshion he operating voltaze did
DWE. Poesibls radio control lnobs 2r= the modulation lev,
the error coding, of @abinztions or both. We rafr to the
resulfine tethmique: 2= Donemic Modulztion Scaline
{DAE)., Dovnamic Cods Scaling (DCS) and Drymamic
Modolation-Coda  Sczling  (DAICE), repedively. To
provids ensEy awaenss, hey ned o be ntmratd o
the gyetem power manzgement

The zim of thizs papar & o provide insisht o such
scaling-bassd radin powsr menagsment strabegizs, e
zzsociated challenzs: and possible solutions. Fust 25 paopls
crzated snergy awars vemions of RTOE tzsh schaduline
polides. we investizste seEe-avars paded shheduling =
part of thess power menzgement strabzmes. Az 2 vehicls for
thiz exploration, we bous on Dynamic Modulation Scding
{DAIE), which we first intoduced in 28] It & 2 readiby
zoozssible ontrol kob i1 2 number of existing
comeruticztion gystems.

II. RrraTeD WoORK

DME for radios can be viswed = the counterpart of
DWVE for digitz] drouis, 2= both sxploit the peeancs of 2
cofven povwer-spead qurve via the nofion of scaling We
can Mersfore find inspiration in the way =k scheduling
wzz axtended to mahe it snsrgr-zwars, when developing
sneEy-gware peckha-stheduling polici=. Maverfdes, z
dired correpondance is impoesible dus to he inhaent
diferences bawesn radios and digitedl drouie, which we
will datsil in section IT4 Voltzee scaling was first
induded in selftimed cirmie (0] znd later extendsd
toward grnchronous ones [11] whers 2 budler iz used
smooth the load znd stesr the adeptation. The initizl DVE
wodk in operation gystem ressarch was in the contextof 2
wotkstztiondike  envimnment  [9]3E%) with  averass
thioughput 25 the performence metric Task schaduling
undar rezl-time constraink, fe., the prasence of dazdlines,
iz consideradin B[00 15]0 906 1JH0]

In the rezlm of comaunications, 2 shudorn pprad
iz propossd in 7). leverzging the time-varving nabws of
the wirsles channel Tranemizsions are deferred D mes
where te chamsl can spport ensEy eficient datz
tranemizsion, whils t2ling ko zcoount wvafious delsy
constraints. A scheduline technique based on amds scing
(DCE) i desoibed in (3] It finds zn eneEy-efficient
scheduls for 2 =2t of packet hat have o be tranzmitted

before zn overzll deadline. znd iz zimiler to the wod
presanted in [40] on procssor scheduling The besic
concapt of modulation scaling (DME), we proposad it first
in [28] Hers, we boild wpon this concept o desoribe 2
complate Fzmework for dynamic powsr menzgementof the
radio comemunication subsystem in wirsl=: embeddad
sysbems.

We explors radip powsr menzseement theough DAIE
which essantizlly r=liss on the zbility of the radio to changs
ik modulztion on the fly. This is indasd practically Ezsible,
znd  approprizte hardwars  architsdurs have  bemsm
devdoped [§] Odginally, thass architachres ware uzad for
2 diferent purpose, namely alzpins the modulation o
memimize e system feoushput [1)[36)FE] In iz caes
the appropdiate choics of the modulztion 1=re] only dapends
on ths cwrrent condition of the wirslss channd, znd dos
not imvalve any scheduling dedsons. On the ofer hand, =
vz will illustrate in this peper, ensEy avarenas s stronsly
related o schaduling, whers current decizions and firturs
avents 22 tghtly intenroven. Altoush uiilizing the =me
radio @ntral knob, DME and throosghpet maximization not
only serve 2 diferent purposs, bt 2lso requine complately
diferent zdaptation polici=. Thiz changs in mindsst &
similar ip the one that ocaured in the CPU world when the
dezsien gpel switched Som throughpet meximization ©
enargy afficiency.

IT. Dvsanac MopULaTIoN Scarmic (DMS)

When @osdenns energy-aware bechmques bavond
shudown, such 25 DME, we require soms mors insisht in
the operation of radios. In this section, we introducs he
basicz ofmodulztion scling.

1. Energy and DelayBreakdown
The first step in understandineg DAS & invstigating
how enerey znd thioughpot dapand on the modulation kvd
in a2 digitz]l wirdez ommunicztion sem In osde o
trznemit information, bits zr= o@dad ino channd grmbols,
which correspond to diferent waveiorms [24] The mamber
of posaible waveforms datermine how meny bils 2n2 codad
into one spmbal, which is given by the modulation 1=we] 3,
cxprezsad in muember of bits per svmbol. The averass time
to transmit one bit over the chanmel is the imverse of the
averzEe bt mte B =:d given by (1) whes Bp i fhe
symbol rzte fmmber of symbols that are trenemittsd par
seoond)
1
bR

3
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L

The energy zsmodatad with the transmizsion of ons bit
can be ewpresead = (20 The powsr nesded o gansrats fe
information canving eledtro-magnetic waves, i deliversd
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