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usage has become an issue in wireless communication The 

enen!:V-lIll;enLsnre nature wireless communication has concern over how best sys-

terns can make most use resource. in 

of wireless communication show that one its ~'''~'''~''!"vU is that the over-
all performance the "",,1-,,'rn __ .[" _____ _ 

the i.e. power amplifier, 

OT'Un"1/' architecture architect ure, 

mentors an (U'l1nnT'T.l 

communication. 

proposes a 

way, on the 

error control ~~~ .... ", 

sOI:tware im pIe­

the network 

allow a im-

a "nro I ,f" communication svstE!m. 

."":/;1.""11. of the 

wireless network architecture which can be used to the 

eX1cen.OlIlg this a nr,nT.r\Nl can use the 

cation to derive the power .... v ..... ,.uu.p behaviour of the a normal 

state-transition 

the associated 

GU.i:lUU"',.vu or 

can be used to track the rl1""'IT.r,l'1"'I 

continuous- time Markov 

pnJC{!SSlmg behaviour and to 

Because their 

analytically using the 

and utilization measures, a 

eX]per"lrn.ents on the nr{~1-I1l'111 

and UL1, .. "''''L1UH 

when _____ .["._ 

the power /'Oln!'lllm 

power 

the results from the 

iii 

the power 

"''-'~'"'' are 

the MRM 

model 
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issues 

can be 

in 

power 

in the of wireless communication systems. 

wireless communication 

the wireless at "lelmeJ1S 

our uu,uUL5" on current in energy ';;""''-'L<'U" 

iv 
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1.1 

Power concern among ...... ~.,.b ... ~. communi-

cation "'T<ITP1rn 

known constraint to 

because 

now more processor intensive. 

power error control 

to 

section the work has 

communication ""'HP'rn 

.1 

Research in issues L"'''''O'U/', to energy 

l. 

2. 

"" .. ·./',,,'v ... ,/', energy cOlrunlmp 

areas, 

1 

'HH.I .... '·V power has a 

communication """'TP11n 

in 

The next 

energy concerns in 

in wireless communication 
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3. 

These cat;egIJnl~s are not mutually the '-LA"""."'"'" is to sys-

terns best use of energy resources. We now discuss each of 

areas in turn in subsections. 

eXl)erlmEmtal basis for ....... ,'lJu.v •. ," that 

be made in 

""r""""'" environments. 

network and how 

device. in 

of network pr<)tO'CO.lS 

either an ad hoc or 

""''';>''L,",U. measurements of 

802.11 wireless network 

energy 

mode. 

energy The data ""."","",u,",,,, was prElSelnt€:d as a 

consumed in and U"',-""UJLU,," uU.JaA.!,"''''·' Do:mL-LCI-OOlIlt data ..,,,,,,,,,-,,'"" 

of various sizes. Zorzi and Rao in 

various versions of 

environment 

as 

destination nodes. 

Power 

A 

VU'lHIJUl,"'"JlUU on the 

been 

allanr:t.fCH the energy ,",v."",."',, 

in an 

a "AF.''''"''·U the pel,folrm:an<;e 

et al. in their 

power 

communication and 

the transceiver at the source, and 

is concerned with the 

power in communication 

known 

in terms of power sav-

"U, ... ",,,u medium access nr{~t'r.I'r.1 structure 

..... ____ ._T1'/w'.-"r"'·", ... power UL<LU<L/St:UH01," was Kravets 

2 
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and Krishnan in . In their 

red uce power 

power can 

communication. 

conservation and 

:"''''' .. O'v Efficient 

on 

This 

in energy ",,,',,,-,,ouv Pfl)tO'COIS 

and some of 

and Rao in 

may 

mitted I.JGIA_"'''''v" amount of energy as an 

and 

Markov 

energy 

a novel level for 

communication in an effort to 

amount 

into 

a survey of 

for an energy 

energy "'H.'''''"H'' 
..... "',"o.u»,'o error control 

energy 

trans­

is interesting 

evolution and 

com-

activities 

VlJj,,,,UA<, of wireless mtlltilm1edila 

on energy emlcHmcy, 

pproa,cn,es to energy 

and may 

work concerns with 

col urrrPIP,":<" communication ",,,,np'ITl<l 

the next we discuss the u"_v,,cvU'V .. Jn.Y we are PflDp'Dslng power 

rnr,tjrm in wireless communication 

3 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 

In this sec:uoln 

rest the dissertation is 

in "',,~ .. - .... L 

is discussed in 

the 

Formal Protocol 
Description 

Description 01 the logicaillow 
01 protocol data units 

Deriving the state description 
01 the protocol 

1: The J.V.U:"U'JU\J1VI ... Y in 

and a the 

we are Of(DOI)Slnl! is 

The """ .... h'nn discusses the rlittpT,pnt the prClposed J.H""U\JUU'lV", 

4 
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1 

pr()tclcOls have a time been used the of the 

the network is one 

factors to the ellE~rgY-ElmICle:nt of communication ",,,,,1-0",,'" there 

is a "Vll<W .... ",. amount of power consumed the atoirerneIltICme,l1. 

the 71-".I.'ll1I'l7·K" 

in delGer.mininlg data associated oec:am,e of 

and "n"""".,.,r.,, VO ..... "Vl<:>. The 

1. 

we can derive data 

units 

way 

pel:tOI'mEld on 

to destination 

data units. Processes vary from a 

to a HU.1H'JC" 

, among other 

to power ""VJ.'''UllHI>'O''UH. 

)P.·;v .. i:inn of Protocol 

the processes ru:>~'V""JIQ; 

are processes 

amount or 

processes 

it can 

rer)reSeIlted as a state transition 

states and arcs "'0,"'0"",.,1- state transitions. It 

IJ'H'OV'vV' SP'SClhcatllon UV'I.-U1UC.UO" do not 

Derivation of 'V~JHI.UJ'U'JW:>- Markov 'V.""''' 

state transition as our state space, we can derive a Markov ,.."" ... r&l,,,,,',nt,,, 

made in that 

5 
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the real n""'T",,,,,,, ,,,,,,t-O'rYl a of time is behaviour 

the a stochastic process. The state transition in this 

the the 

stochastic process which characterizes the the 

of Markov HF!Wl'lrd Model 

In the we propose the use 

reward m.()ap.l.'l used for the 'TlP,rrn'1"l'Tl'nrl 

communication The 

1. The with memory can be unJU"; .. ,,,U as a 

2. The """'",,,'£'1 structure the ""JU~"<:;L to reI)reSerLt a 

weare to it the Mobius 

research group at the 

us to MRMs on the of 

rates structures. In the can be to the 

of time: 

1. Power in a 

2. the 

next section the rest this 

The is as 

presents the how 

the of the are to 

6 
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the 

munications ,)""' .. ,'-:]'H 

"","nT""" 4 proposes a way power 

reward structure used to 

as a Markov reward 

, It CiA 1"'.0. ... " power 

~HUUUIU~.y to UMTS the derived 

the continuous-time 

state transition ,-,u0l'>"""''''''' 

"""nT""" 6 and discusses in '-"A, ..... ~' .. 

5, 

and 

communication 

lies in the overall ",n" ... "",,,,' .. Oel)enlOS. In a way, on 

7 
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1 

In 

processes. 

cesses 

time. Markov 

In the next we 

nr,'"\n,::.rt,A" of interest. 

our 

2 

we nr,mTllnp 

al~;cussion on some of 

we 

summary on the relevant 

8 

here we refer 

to 

pro-

in 

to 
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processes are a processes 

is that 

P[x(t) = = 

= Xn], t> > > ... > to (1) 

The above '"'v,"'u."'" ... is known as the Markov 'I'l'lYI'l'lP'rT'Il A process is a stochastic 

process this ",.,,,",,, .. 1"1",, T= m 

IRR,prT.IUl0n and write S : i E 

2.1 tiomc)genecms Markov J:'f()cesses. A process is to 

nOIno~~elliDus or sta.tlO:nary if 

+s= 

a Markov process is invariant to in time. 

nrl',,"np some the Markov processes are interest to us . 

...... v .... "., .. ;,. states i, j E If there is a ito j, there exists an integl~r n 

may u<a~"'uu on i and that 

(n) > 0 

Pij is a transition hoi-"""" .... state i j. 

Two states i and j are said to written i ~ j, if there is a state 

i to state j and vice versa. 

Let C[i] = Ii ~ j; j E the state i. 

2.2 A is to if every state communicates every 

state. 

only one class Le. C[i] = jE 

and No includes the O. 

9 
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Definition 2.3 A class C is said to be transient if there is a out That is, if 

3i E C and k E such that Pik > O. The individual states in a transient class are /,1/ • .-:.,,/, .... ,..:< 

said to be transient. 

Definition 2.4 A class C is said to be 

That is 

if every path which starts in C remains in 

1, Vi E C 
jEC 

states in an ~ .... ~~ .. v consists 

a 

a state j 

to the same state j in m steps. of ever Ic/un'/:".II to state 

j is 

00 

m=l 

the states j a on value fj state. Not 

= 1 we say the state is said to be '1'Pf'1'.'1''1'PTU' if a return is not 

... , where'fl 2': 2 is 

with period 'fl. If an 

to be nnp'1'1nm,.f' 

not 

can return to state j 

state j is said to be 

the state j is said 

to state j in m we can now 

the mean recurrence time of state j. 

00 

m=l 

The mean recurrence time is thus the average number 

the time after it. 

We can describe a state j to be recurrent 

< 00. Note that an irreducible 

number states is .. HUH,""'. 

all this in we can now state the 

10 

needed to return to state j 

= 00, it is recurrent 

have recurrent null states if the 
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ho,n ... nn 2.1 The states an are the same . thus can be 

• all I.Hli'I..~'I,""U. 

• recurrent 1UJ1HL'Il.!L. or 

• recurrent 

nn'nllPT if periodic, then all states have the same ",. 

If the states process are r1 •• ,,..rl~T.'" " .. '''HF,'' state at any 

in process is said to be a 

stochastic process a Markov 

n, and any sequence to < t1 < 
.. , < 

= Xn-1, .. " 

For a continuous-time is 

the Markov 7JTrmp~rtll. 

State Transition 

For small 

transition 

"u •• ..,.",,," way to illustrate a process is in terms its state 

each state a process is re)Xe!Se11te!d as a node in a 

transitions h",jr,,,,,,,,., states process, 

arcs are transition rates hel-'wf~en states. 

of over an 

we will 

11 
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Theorem 2.2 a chain is nfl1m()(Jp.1'UJ1I .. q and its states are re-

current it can be shown that the limit exists and is 'J.7l.IJ'p'Il'P'",,,P'U 

initial state distribution. That 

(t) (5) 

The vector 7r1, 7r2, .•. ) is the state distribution the In aU('],u;~on, 

the is to be p'1'IrI(I/11.(' 

is and no:mo.ge:ne()Us 

us out. 

h,p,n ... >rn 2.3 In an 

exist are 1.'lUI.P.'lJP.'lI.lfLP.'lU; the initial state 'T'7'THm,,!?. 

either 

1. states are transient or 

exists no 

states are recurrent null. In both cases 

QT:r:W1I.U()'lL or 

= 0 V j and 

2. states are recurrent 'TID'n.n:rl,/. > 0 V j, in which case the set is a 

state 'lJ'flJlJ/1;IJZ!U:1J ILz.~r L'f"I../J'II./;UJn and 

1 
(6) 

A recurrent .",11''''''';,'1.1. 

chain are ,o'I"(I'1l11:,.1' 

is also 'l",o1'''' .... ·'''r{ to as an v.,.,,~~ .• v and all states in such a 

Theorem 2.4 In a 

bution. 

7J.n:r.U7J.p'I.'11 determined 

+ 

j 

i'¢j 

=1 

12 

continuous-time 

=0 

the 

VrtJOu,uun'u distri­

which can be 
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the the for '11"",111111"'1./,'1, conservation. In matrix form 

7 may be ,","""I'r,",."."~'II, as 

=0 

Q HP.<l1.'l1rlfll ",",'I'IF'IUI."'/, matrix a continuous-time 

row ma-

trix (j f i) will be it will be the sum 

j in the state transition Ul(J'''''':W'' LaL''''HLU", arcs COllnE)Ctltng 

"'laCo","""'L elements are '-"'J""" to ensure eielmlmt.s in every row is zero, 

Le. 

set 

balance f".ll'I'I,".I.J,!}'lI .. 'i. 

2 

A 

n 

qii =­
jES,j#i 

'h<,.. ... ·o'l'n 2.4 is sometimes 

a continuous-time 

a r r:S---. 

bt~lJned per unit time in state. 

measures 

• state measures; 

• measures; 

• measures; 

• measures. 

state measures express 

are COJm[mt;ed 

",,,,,,,,,,/,\1"1',"" by "'.L'.\..LV.'" 

run per unit time 

Markov 

to as 

of 

they are 

set 

t? 

r{i) 

a 

11.'11. .... , •• ''11.1. measures 

is ror'"n,on 

at any time t. are transient 

13 
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nu,HU'£'UI: measures express 

time ",)t." ... "" 

time ,nt-", ... ,,<> 

measures 

some 

are 

[0, t], 

use MRMs because 

r"" ..... "'C!"'y,t- a 

of the radio 

is TP,'PH,pn from a ,,,,,,1cPlm over some 

transient measures are ntl>arRt~>rl over a 

measures are a 

a pH~spleClllea y can be TP,'pn,pn 

IH;;C;U • .)lU to vnr.,ht"'\, 

case, power 

of a wireless communication system, 

structure to 

state space 

Markov chains we '''''PI1'''.''I£' tool 

t<;'I1n1,71,PP'I"'aJn Research 

tern. 

cause it "UI>-'I.".IL 

Buckets 

1 

The Mobius tool 

to describe the COlmClon,ents 

~odelsDleClncl~tllon. 

"'1-""'_<'" user ,n1,prt<lr'p" 

a series of 

are as 

to 

14 

continuous-time 

account 

The 

Mobius is a 

into two ca1;eg,orlies 

2 

is 

their 

sys-

queues 

be-
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Atomic 
Mooel 
Ed~", 

Formalism 
Ubrarie. 

2: 

Main Application 

Linke, 

Sol.er 
Executable 

15 

Solve, 
Libraries 
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• Atomic This is to the model on 

stochastic 

• 

• 

• 

lUa,Ul:Sl.U the user is ImplemE:lltl 

Petri or stochastic process n.lflIPtJ'rn .. q 

a the 

arcs 1''' ..... 1'''''''''T11" the transitions enables a state. 

a 

units and then 

eu·a~mlJLeU manner to construct a 

The this is a "v~,tpm 

to each other. 

A 

is 

has one type 

allows 

- the states 

action \.,UJlU!J'.<JLIUIJ'O, 

our 

UU.1UU'U<Jll:S that are write 

is is known as C,ULH" .... C,,'.,-,C 

upon atomic 

the 

a measure on one or both the 

a rate ''''"'''''. 

,",UJ"""l1"" a rate 

A rate ,'p,,,,a'"rl state of the "v, ...... ,,, 

can be spc3cllled to be ... ~,~, .... 

at an instant time. A 

in 

on the measure must 

the measure, or the 

within a sp,eClne,a range. 

the ,,,'I,p,,1:',nn 

u ....... "'.,,;u over a time-

~v .... ,,~, the desired statistics 

the mean, 

the measure 

in solution with Mobius is the a state space, the 

the Mobius staLte--8p;ace o· ........ ,.·al .• "· the state space is 

may be "'TT1IT~"m"',., 

the 

16 
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1. 

2. 

3. 

4. 

5. 

6. 

activities 

tions: 

1. 

2. 

spaces. It 

Deterministic 

ars, 

ats, 

1: measures versus 

classes each of above 

solve the tvvo solu-

simulation can be to solve state 

run a number times 

17 
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For this reason, we not use aU'C>U'."".'lVU in our 

.ew.Ua.,VH)'U on 

state transition matrix 

process to possess 

a Markov process. 

be all states 

"V"TPlrn may enter and 

time. In its most 

""",t.p,m evolves one state to GnV"l!!"" over 

a '"'v,,, .... ,'" can a process. 

18 
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1 

concurrent communication is uUV .. 01U'C;UI,CU 

in a involves UUUCj"'~''''H'J.Ujl'''' the architecture of The 

architecture 

archi-

tecture 

In 

in on the user P-n1il.7.1llm.l'nt 

how normal 

3rd series 

19 
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1 

As ago as 1976 the International ,-,uma:anzs 

for some way in 

Decal1se of 

to 

network software in These 

interconnection of dissimilar '"'v,,, .... '" 

now known as the ,., 1 ,'.<1 n'm. Interconnection 

short, whose fundamental purpose is to act as a ,.""",..>n 
3 

Host A 

Physical Medium 

3: 

20 

HostS 

Transport 

Physical 

re(:ogm2~ea the need 

communicate with 

the useful user 

architecture 

is what is 

retlsreJnce model for 

network ""'"'"5,''' 
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The purpose is to reduce the the 

0:>""""'''0" the are 5(1,.I""',"'u. as a series 

or 

each 

where each one is built upon the one 

the contents the 

KI>1h,,,'I>,., each 

services the lower the upper one. 

is an interface. 

how many 

'''·''.-',"'HlW collection 

the amount U1<l'~'U'" that must pass I'\I>1r ... "",,., 

that is rl>rl1,;,r"rI of the new uUP"""'''''';a.~ .• v .. is 

to the next up as the old ImlPlement~LtlCm 

in 

way 

The set of 

the name 

to 

aeltlnElS which 

architecture must contain "'u~'u!',u 

spE~citilcation of 

to write the Ul",~'U'U to allow an "Up":;lU~;U~'Jl 

the program 

any it is .m .......... ·,.,. the outset 

to 

1. the the 

2. and 

3. services 

21 
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is 

of 

internal nnp,';;l.u,n, 

process 

22 

"''''AUJ.'''''' in context 

"U1'1<;111<:;11'01111') one Pf()tocol 

the 

pn3se:nted in two documents: 

do·cumlmt;s consist 

""'J'''''''~'''O and actions. 

that communications ",,,,rplrTl 

process 

"£'l1,,,"C.r! in turn in 
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P,otocol Eng;n"", 

T exrual Specificat;on 

Formal DeSCtlption 

Impiemenlat;OI1 .. 

Executable Application 

4: The Process 

the n .. ",.,,,.,,,..,, unplernell1tclr uses in U""'''!',lUU!'> 

COll1Slaelrea as a locallmpHlm1em;atlOn matter. 

Formal 

are no:n-cLetlerIlniD:is 

mentation is very 

are used to correctness of the ,,~,o,-, .... ,-,u. 
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sp~eClnCl'l,tlIOn, and aid in 

the , and 

automated 

::ivIOb()o()va in 

but 

well known include 

from the formal 

ensure 

cess, ~"';U.F>" there are still many UUJlt;U!" to be solved before an automated ImpIE:m(~nt 

process Ut;',UlJ.!C" !'Co"'UJ!'C. Hence automated ImpH~memGatlorls are more T,.., ... "",,> .... on a 

In order to have an CUJl .... "O ... 

n",'rtnrTn,"''; on the "U!LVV':U 

the sense that it Im'plements 

process is recursive as the impl(;m'en1Gor may 

as 

between the 

to uUIJ"';"U~"'" 

to return to 

it it is ready for ,nr'nr,,,n,·<>1''')n 

~l"'--~'- when a better UUl-'!C'!U'Olna.LlUll 

In nT',,,,,;,,, an eXl:tmple 

under consideration is 

is 

in 

and Va,'.lU.,,,'CU. to ensure 

architecture of 

can easily 

architecture in 

the 

chite(:tures and in par­

A brief outline of 

Network ,"'1I..~rp.m»~ 

common in radio access net­

which controls several A 

24 
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The term Node B to a site where 

with 

In this 

Bs. 

connection the 

"'I>'C",,.,,,. one 

communication nPT.w·ppn d.lttlerEmt 

Network 

Domain. 

5: The 

PT.·IX".',TI<" via an 

25 
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In the 

series of 

L 

Core Network 

UTRAN 

lur 

NodeS NodeS NodeB 

Hand held computer 

Laptop computer 

6: 

UU,",C'JL""H. we discuss the nr",.."",,,, 

Node B 

Cell phone 

on the ETSI 

The radio is in a series of or,ot()c()l most communi-

cation networks. It is into three roTAT,,,,...,,, , which ... '.n ..... ". 

1. the 

2. the Data , and 

3. Network 

2 and 3 are further down into other 2 consists of the 

Packet 

Data , and Link 

3 consists of the Radio Resource 

26 
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Mobility Management (MM), and Call Conlroi (CC). Figure 7, extracted from the Radio 

in!erJar.t pro!ocol a,"".h,jedW"e diagram in IvRiJ2aj, illustrates the overall architecture of the 

radio intedace. 

1 
I 

c .. Coo"o'. tAo",,, A .. " .. " . .. __ , 
''''' ''''' omco1 

- - - - -- - -
I RA""P I 

I .. L.<' ',,,no "" "00 I 
I R"" '" .... ,,""" "wlm< I 

" 
",ou",, " I ",," " .. , 
~""'"'' r... -... ,.", 

c"" ,~ -", ,,,, . 

"'-"'-

A .. " U .. ",",",' , .... c, 
I , 

• -
, .. ," ,." ... "." "",~" '~"C:' ..1 .--- -

" 
.'\" ~" ro-,.. , '''" ':' 

"",,,,,,, " .. ",.~ "-~ I ~-"":, 

Figure 7: Architecture d the Radio luterface Protocol 

UMTS is a coonectkm-oriented tranamission sysl€m, Layer 3 and RLC are divided 

int", what are kn<n'1 (l.l; Control- and User- plane; IGra02j. The control plane protocoil; 

lire responsible for handling and transfer d nciwork-internal control information including 

connection setup, The user plane protocols are rffiponsible for processing and transfer of 

27 
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the actual user application data. e.g .• pooch or vidoo data. file transfer data. etc. 

3.3.2 Sprvicps and Function~ of thp Prot.ocol Layers 

In addition te data tra,,"pod tlelyice, each of the rarlio interface protocol, provide, addi­

tional ,.,rvices to upper layers of the protocol. stack From the moment either entity (mobile 

device or CTRAl\) initiate. communication, there is a path tha,t is followed from the ap­

plication initiating communication (Le, ""nding a message) dght through to the peer-cnd 

application receiving this message. Associated with thi!; path, are various states assumed 

by each of the protocols in order to accompli:ili the traII'Jmis:Jion. 

Higher layers 

The higher laye", in U!I.ITS refer to the application layers abovll layer 3. UMTS 'p€cifie:s 

two modes of opera,tion for the Uf" !rlle mOOe 8J1r! UTRAN ConnectBd mode, The UB 

procedure:; in idle mode include [Gra02[: 

• cell ""axeh, 

• cdloolection!=election. 

• registration to Core Ketwork (CN), 

Layer 3 

This layer is responsible for the SG(.up of connections, and the routing of data through the 

network i.e. Int~rTIet ?mlocol (IP). The following are pwt.ocols as:Jociated with thL, layer: 

L Call Control (CC) provides call managGment function.. "och as setup, maintenance. 

role"", ef w<alled 'ignaling c",meetians between the Core Ketwork and a mobile 

CUE). Threugh CC all :;ignalling hetween a mobile anrl external networks;" han­

dled. The rudimentary CC procedure. are call establishment procedures. call clearing 

pr0Cllrlure", can information phase proc-eduffis, and other miocellanoow procedures. 

2. Mobility Management (MM) is l·E8ponsible for mobility management on radio 

access level (R..'-IS level). It manages user-,])<lcific datah","",," IJellded to e>tahfuh the 
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connection hPlt"",,,,n 

common T'IT",.,.rl""" 

3. ... "" ........ v Resource Control 

2 

is 

Network Network 

iJ"JCLUJ'''" on 

can MM 

and MM connection U«"«"5"'U"0"" pro-

and 

and in 

control). 

of connections between network 

111'U""51U)", retransmissions. 

and 

1. Broadcast-Multicast Protocol manages the distribution of messages re-

on side. It has 

at 

to control Discontinuous lie,cev'.w'n 

messages to 

2. Packet Data 

or i.e. it removes 

ers not need to 

out sequence UUUH;'VLLU~;, and Data 

flow 

are: 

• of user 
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• maintenance sequence HUHUJ<;L 

I I 
Deliver POCP SOO to upper layet' Oellver POCP SOU to IJR)ef layer 

RLe layer 

8: 

3. Radio Link peI'forms at segmen-

tation units into smaller 

transmission. 

of this trans-

mission are in. transmission are SD,eClln€:Q 

the trans-

mission. 

• In transmission 

receiver and 

• In 

transmission UU,"",,'LU'F., receiver hlltt~'rllnCf 

• In 
retransmission 
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4. Medium Access 

are 

ACK 

J..JUi.;tI.,;::u Flow 

which it then .. ALlA"" .. ",,,.,..,,,,, 

services 

• Data This service 

h<>1",,,,<>,, peer entities 
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C¢o'''l 

l "",., . .Ie 

Figure 10: LDgicru flow through th~ MAC lay~r 

• R_.fJ.UrH"m rm "I mdio """"IT" and MAC paramei, r.: This service performs on 

t"'lu""t of RRC cxocutkm of radio resource realloc~tion and change of MAC 

puramet€r., 

• Reporting of "'~AAllr"me"l"" i,o:)(;al m~""ur~mcnts arc reported to RRC. 

Thl< j ~yet is t""I)(},,,ihl~ for th~ tmIllnnission of dato, over th~ phj',ic ~l m<>dium, "yr..:hroniza.­

tion, forward error correction, aHd modulation of the radio signal. The following dis.cllssion 

i, "rlesr~'ijltio!l of the different fUIlCtiollS and ptoCl'ldures Moodated ,.,ith thi, l"ycr_ 

1 Phy~ ka.l layer (PHY,Ll) offers information tra",f~l' ""tvir-"" to MAC and higher 

layers. The foll"",ing w:e ,.,,,'" of the important procedures performed by the physical 

layer: 

• FEe cllcoding/docoding of transport channels; 
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• !lJeasuremcnt" and indication to higher laytlrs (e,g. Frame EtTOl' Rate (FER), 

SignaJ-to-Interference Ratio (SIR), interference power, and transmission power); 

• macrodiversity distribut>on/cconbining and soft handover execution; 

• error detection on transport channels; 

• multipl exing of It'fillIlport channel' and demulliplexing of coded composite tran&­

POlt channels; 

• rate matching; 

• mapping of coded composite transport channel. on phy"ic!ll channel"; 

• modulation and Sl'rea.ding/demodulation 8Jld desprea.ding of physical ch8Jlnels; 

• fretl""ncy and time (chip, bit, slot, frame) synchrcrlization; 

• dCI'led_loop power control; 

• j>OWer weighting and combining of physical channels; 

• "UPl>ort of Uplink Synchronization; 

• timing a.dvance on uplink channel'l. 

3.3.3 Pro\,oco! Coupling 

This subsection describes how the different protocol layer. work together to achieve CCOll­

mtmication ootwcen the User EqU1pment UE BJ1d the UTRAN through the different states 

of the radio interface protocols. We have chosen two common modes of operation: MI, 

and UTRAN Connoct,d mode and we refer mootly to [Gr802) and the "pecilication docu­

ment, [vROZd),[vR02b],[vR02h],[vR02e), and [vR02c]. 

Id le mod " 

When a lIE is switched on, it firnt perform.. a cell search procedure to locate a public /and 

mobil, net,"",.k (PLM::<) from the application protocol The application protocol sends 

,. signal to the Call Control protocol to perform a call establishment procedure. This 

procedl1l:e initiates a connection requ""t through the conneotion manager-RIldio R"ou"" 

Control (RLC) The RRC pcrfo= the connection ""ta,bli"hment procedures whkh specify 

the Common Control Channel as the logical ch81lllel and the Random Access Channd 
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(RACH) and FanJXJ.m Acre" Channel (FACH) lIS the physical channels for communic~tion 

with t·he U'l'RAK The Ra4io Link COrll;ro1 (ULC) then prepares the cOIlllection "'''Iuest 

padrets throngh the RLC transparent lllOde segmentation procMures. which break down the 

higher l~yer protocol dil.l: ..... ullit6 into .milller sllli\.ller blocks suitll.ble for radio uansmissiruJ._ 

The RLC then relays the requests packsts to the M,dium Acce.',' Control (:\IAC) protocol 

through the Common Carltcal Channel (CCCH). The "lAC t·hen performs multiplexing 

procedures on the request· parkets, ~nd lll~I"" them Oil the RACII for transmission (.Q the 

physical layer. The Phy.,;ml protocol (PRY) performs a series of procedures that ensures 

that the (UE) has ~cceptabk colJII"unication conditions with the b""" station. Thi. include!! 

preparation and sending of beacons know lIS "MCR preambles" to the base ,tation. The 

purpoSe of this ph""e i. that first the l>rue st"tion .hall obtll.in synchrooiZJl.tion t{) I.hi. sl£ll>ll 

and indicates its suca.ssful acquisition to the lIE on the Aoqui.,ition Indioat",. Chann.! 

(ATCH)_ The process of 8I'lJding t·he preambles invoh"s the prcp~mtiolJ of PhYSIcal Ra,,,wm 

A"""" Channel (PRACH) padrets that are then modulated and spread in the respecti"" 

radio frequency_ During this tmnsition, open loop power cOlJtrol procedures are performed 

to ensure that packets transmitted are received and decoded by the receiving base station. 

OlJre the UE hall ""nl the iHiti,,} == mes.age in idle mo<le, it· wait. for a reply from the 

network on the ArCH. The reply rould be either" "MC Cormectioll Setup" or ~ "MC 

Connection Setup Reject" message. Upon receiving the reply signal from the UTRAN, the 

signal is de-spread and demodula.ted to extract the reply packets. The p..ckets are then 

decoded and demuJtipl€xed for m"pping ont{) the FACH. :\leasurement indicators Me "Iso 

sent· t-o the MC and the "lAC "ith information on the Signal-to-Interference mtio{sm). 

interiere,;ce power, ,,"d tr"nsmission power on t.he physical channeL The MAC rec<Jives 

t·he reply S~lIal on the FACH and performs error handling, error ,""porting to the RLC 

and MC, traffic me~s"rements and ciphering on t·he packe\6 received. The F ACII sign>ll i. 

then demultiplexffi and mapped onto a CCCH. The RLC receives the reply signal on the 

mCH "-Ild perforlllS r.,..,sembly of small block. prot-ocol dat~ ullits b""k into the higher 

layer units. An indication signal is then sent to the RR.C on the response from the UTRAN. 

TIle RIte subsequently llOtifies t·he il.pplic~tlOll 1")",, on whether or Ilot t{) remll.in in idl" 

mode or enter UTRAN Connected MO<k. Figure 11 from [WilW] illustraws the protocol 

Mchitect"re for initiall\.CCess_ 
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Figure 11: Protocol Archit()cture for J nitia] AcceJ" (Arr""'8 down: N~twork "ide; arrows Ill'; 

DE side) 

UTRAN Connected mode; Downlink at the UE 

This .. dion describes how the different protocol laye", handle r~'<IuC8tcd HTTP packets 

on the downlink Focus is on the U""r_plane prot.ocols that ar" responsible for ptoCt<Slling 

and transfer of I,he actual USEr application data iGra02]. Of equal importance are the 

indication signals, sent from the lower layer protocol, to the upper layer protocoh, which 

carry the padctlts Ill' to t.h€ app]kaljon layer. It, is ,mderst.ood that t.he basic unit.s of 

protocol communication arc: 

1. Protocol Data Unit.. (PDU,) lISed for pccr-to-pe<lr communica.tion; 

2 . .'>.rne" Da.ta U"it.' (SDU,,) IlSt,d for layer_t.o-layer communkal.ion. 

One ... a mobil~ has entered int.o UTRAl\ connected mode, the pe<lr-to-peer communication 

betwt'Cn UE a.nd Node B is extended 1.0 include I,he SRNC "-, a fJt'er entit.y. Th ... follow_ 

ing uscr-plilllc protocol layer entities participat.c in PC~'"-to-p<.'er (mTlmunica.t.io)) to t\Chieve 

transmission of application layer pockets (i.e. HTTP): 

• Physical layer; 

• MAC laycr; 

• RLC l"J"'r; 
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• RBC layer; 

• PDCP layer; 

• IP layer; 

• TCP layer 

Figure 12 from [Gra02] "hov.~ the architecture of rMio aild Iran.port protocol. participat­

ing in the transmission of packet data. 

1--- " 

-~ ....... 

Figure 12: Radio and 'IhillSport Protocols Involved in Packet Data Tr3IIsmi,.,ion 
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Layer 1 (PhyBical) 

The UE ",,,,,ives bits on a number of physico.! charmels ' . Demodulation and dcspreading 

of the trllllSport chnnnels is perfonned yiekiing the transport blocks of the tt'ansmission. 

~lea'mrement" of FER, sm., int€rfi?rence power, ""d trllllsmission power Me performed 

during reassembly of the transport blocks and t'esult~ Me "ul>s<Jq1lently added to every 

tran~pot't block. 'Ibgether, these processes yicld the following- primitives IvR02el: 

• PHY.DATA.INDl (sent to MAC); 

• PHY·STATUS·IND (,*,nt UJ MAC); 

• CPHY·MEASUREMENT·IND (sent to RRCj' 

• CPHY·OUT·OF·SYNC·lND (>lent to RRe); 

• CPHY·ERROR·IND (sent to RRe); 

The pMruneters for the Ll SDU. (MAC PDUs) include: 

• Transport format indicator (TFI); 

• Tran8port Block Set (actual tt'ansmitt€d data); 

• eRe check result, 

• Pt'oces>; rd. 

The SDUs for the MAe and RRe arc subrequcntly mapped to control and traffic channels. 

Layer 2 (.Medium Acce88 Control) 

The MAC layer receives and mdico.tion ~ignal from the phyl;icallaycr. Thi.'llayer consists of 

the following entities that could receive the indication signal, depending on which physic,.) 

channel w,," ~d; 

• AlAC·b; 

• AlAC·c/sh; 

IThi> io determined by tho dup).,xill.l\ I.oci!nique UO€d: Frequency divisiOll duplaiup; (FDD)or nInO 
U;v;';"n Juplexiug (WD). 

'NomffiCl~\uro fo< pflyoicalla,-or ,orvic< primitive>. 
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FigllTe 13: UE Side MAC Architectu", I MAC-d Details 

• MAC·d (m,,~tr"ted in FiKUI'e 13 fwm :vR02g] .); 

• MAC-h,. 

Each of these entities is rcspoDsibk for mapping logical channel. to transport chanoo\a. Of 

interest to U~, is the MAC-d entity which map" the Dedicatee! Control Channels (DGCH) 

and Dedicated Traffic Channel. (DTCH}on Dedicated Channel (DeH) which is carrying 

the data packet. 

The delivered lower layer transport block sets are demultiplelred a.nd suhsequently 

map~ onto upper layer PDUs (RLC PDUs). In addition, the ~1AC entili ... perform 

measurement" On t he amount of trallie hcing received and the re~ult" reported w the RRe 

via the control dUl.llnels. If transparent mode transfer is used by the RlC, then deciphering 

may al"O he I"'dormed on the I'DUs_ The primitives produced hy the..., procedu,,," include: 

• MAC-DATA-IND (""nt to the RLC); 

• MAC·STATUS-IND (sent to the RL C); 

• CMAC·ft[EASUREft[ENT.IND (sent to the rule); 

• CMAC-STATUS-IND (""nt to the RRe). 
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Layer 2 (Radia Link Control) 

Figure 14 from [vFW2h[ illu:<trate:< the flow of da.tl\ in RLC when the protocol L. in Ac­

kn<Jwl.dged Mode (AlI.I). For Internet trallic, the Hl.C employs AM transmission [Gra02[ for 

"nOll-real time" packet data. The receiving 'ide of the MI_HLC entity receives Acknowl­

edged 1nude datil. (AMO) and Control POUs through the CUDfi~uftd 1000ical channel, from 

the lower layer. AUD PDUs Me routed to the De<:ipherin!( Unit, where AMD PDU" (1ninus 

the AMD POU header) arc dociphered (if dphe.ring is eonfigurro aDd started), and then 

delivered to the Reception bull'er. The AMO POUs are placed in the ReceptiOl' bull'er until 

.. complete RLC SOU ha. been receivEd. The Roceiver ad<""wled!(e!l suewssful reeeption or 

requ""ts retransmission of the 1nis,ing AMO POU. by ""nding one or more STATUS PO Us 

to the AM mc poor entity, through its transmitting 'ide. If a Pim-badwd STATUS PDU 

is FOUl~1 in an AMO POU, it is delivered to the RetraJl"1nissioD bull'er and I>'lana!(ement Unit 

at the tranS1nittiD!( "ide of the AM RLC entity, in order to purge the buffer of positively 

acknowledged AMO PDUs. and to indicate which AMO POU. need to be retransmitted. 

Once a c0]11plete RLC SDU hi\., been r<lC,eivt\!.l, the a,s.'Kldated AlI.IO POU. are rea",,~m_ 

hIed by the Reassembly Unit and delivered to upper layers through the AM-SAP. RESET 

aDd RESET ACK POU. are delivered to the HLC Control Unit for proc.,,".in!(, If a r""pollse 

to the peer ANI RLC cntity is needed, an "ppropri"te Control POU is delivero:l, by the RLC 

Control Unit tu the tran,mittin!( side of the AM RLC entity_ The ret-eived STATUS POU, 

Me delivered to the Retransmission buffer Il.Ild Managemcnt Unit at the transmitting side 

of the AM RLC cntity, in order t<J pur~e the buffer of p<::>;iti,'e1y acknowloc)(ed AMO POU" 

and to ;ooicate whkh ANID PDU, need to be rciransmitted ivRD2h[, 

The pri1nitL-,,-... s,,,,t t<J hi~her layern include' 

• RLC_AM.DATA_IND; 

• RLC-UM-DATA.-IND; 

• RLC_TM_DATA_IND; 

• CRLC·STATUS_IND. 

Layer 2 (Packet Data Conve,ye",,,· Pm!."""l) 

TI,e Pade£ Da£a Can-t""1lenr:e Pra£aml (PDCP) entity is respon,ible fur )",ader de<:,<)]npres­

sion uf n€twork protucoll For IPv4_ When t he PDCP entity receives the PDCP POU, (RLC 
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SDUs) from the lower layer, it performs header decompression of the PDCP PDU to obta.in 

the PDCP SDU. Thio PDCP SDU is basically the data pad'<)t> sent from the high.". layer on 

the network side. It is subsequently delivered to the upper layer in the order rOC<lived from 

the lower layer. The primitiw sent to the upper 1ayer" th<l PDCP_DATA_lruL Figure 15 

from [vR02c] illustra.t"" the PDCP dst ~ trans"r over AM RLC. 

Figure 15, ppcp Dsta Transfer over Acknowledged Mode RLC 
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its ~~_I~'V"V the pnJLOC01 ImIPlement()f can use 

program source 

its execution. 

For a 

make 

the 

error correction 

ore:SeIlt state: in other 

The 

s 
state i to state j 

In 

power UllJllJ""UU at 

In Se(;tlCJn. we nl""'''<>Ylt 

as TO ,,,,,,·rI 

metric 

1 

any process 

we can assume that it continuous-time 

nature the communication 

can at any time be ""'.n ...... '" On)tocol or be 

to retransmission. 

04J'IJ"'''"''U to 

h",>rI11<>r,1" state " .. ,"""';"''' 

next state ""''''HI><'''' 

in an 

the 

processes in this case 

chain. 

continuous-time 

the state space S, 

with n mean transition rate 

we can use to 

to .. "" ... ,> ..... '" power in 

"""au'""" power "UJll"'UllV"JlUll as a 

processes. 

to transmission or ... ",·<>",tirm a in 

communication is an amount power 

of abstraction it is a non-trivial 

task UUlla"Uj,~ a "u."~ ... u.,,, metric for power. In UUU'"'''U', on extensive 
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on our 

states is more uuu,""_,, 

the 

the exact power C01:1S11mptl,on 

because such ntc)rrrlat:lonisnotdocumE~nt,ed. 

the n"'",TI"'''''' 

a certain amount of time to be 

protocol layer 

we can make 

is in a 

state. In a.uuu,.v •• , 

while in that a certain amount of power to be in order to 

if we the power by the rllrrpY","n1: 

as a measure which no,",o."" 

over the utilization interval of that nrt"\TT.rn Power 

combined with is the reward "",,O'U .... ,a,l,C;U in a state, These "'''U''''''''''''''''''' 
the rp,,,,,,,'r1 u .. '~"n" .. ' form Markov reward For our purpose, power can be 

"'l~~"'J'H"'U as an ~nj'p~lInl-nt-t~~mp The 

up in time is aetmea as follows: 

Definition 4.1 is the reward rate associated with the structure-state i: vector 

r the 'IIc'/,IIIt:ltJ. structure, A 

The 

'1',.,"111'.'/-" rates are TU)'T/,-1'/.t:(Jr(J.L',',1}t: 

Vi E E i E ri E r' > t _ 

up in time t is 

",,,,,...,'lTPn to each state i E 

/\ (i E (11) 

"I-'<'''''''''U the measure interE~st, we have to select a of ""'\lIT"T-" 

is "",.,,,o,LI><O the accummatea 

of rewards are common to 

Qe'pelJ.m~nt values to state nrl~IlT'>lTl 

values to state transitions. Power 

confine ourselves to rate '1"""III'.',/'fI .. ,", 

we are interested in. 

as energy 

""''''pu"vu in relation to 

There are two 

rate 'IIc'/1II 1:'11.'<_ time-

tmle-aepelna,ent value therefore we shall 

the as our U"'JIHl""lU'H 

Definition 4.2 Let Ci" i E where i represents the state rp7Jrp.<lP1lt power con-

as a reward in Markov Model 
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this of power away of how the 

power the device be 

in power 

the number 

more 

the 

energy consumed the "'''4h.,,~ ... 

under error conditions 

states 

the because it does not 

we can assume 

a 

linear 

m x size + b 

receives or 

it is not 

a 

(13) 

The constant \..V'-''''".'''J,.-O m and b are used to rel)reSellt various nnp"'~l.n(~n" i.e. 

there is a fixed cOInpom~nL 

device state "''':''A(~''O 

~ ~ 

tion is the ",,,,,,,,.nc;nei,,.,,"'U ,,,,,,u,,,nu,,J<. 

of power as the Power Factor 

it as a pure n",,..tnrTn model 

power "UJLID.UUj,lel,Ull as a measure our purpose, we 

can »n, •• v,,'o> the power 

its state space. 

is 

the the resource. 

the U.J,""'o.e'vu becomes: 

This allows us to r!"1'",,,1Y1 

is in a 

UALo'",,,'O,,. n"',~1"n"nl states. We assume once the 

""'llUl11"" and .. ""·.,,,,rinO' 

is in we denote the 

the model is in state i. The uv.""""''''uu, 

the 

structure TO = 1 and Ti = 0 

p = Ti'7!'i = 7ro 

iES 

vector 7r 

state. .. .. ,v.j' .. a, ...... u proves 
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wants to determine the n1'I,1",..,,.,,,1 states the the most 

state time in and what 

makes. We \Ju.' .... F.'J. 

Level 

the reward 

that 

reward 

the 

the states 

used to '">I 11lUl r ... the UV'v cu,,, u, ..... ,'v'"' 

In this case, if we 

on 

structure 

,",UlAU;UA,"',", accumulated 

can be used to compare the power 

characteristics of the various n1'I,1",..,,.,,..,1 

This mt_:>rnlat:lon nr'~U~('()1 UH\JHOU1,t::ULUl to 

are power intensive. We 

as the Power 

In ditfenent as~mIlrlOl;iolLlS used the Markov reward 

we validate these as~,UIIlD'LllJnS on 

tion an interview with a protocol 

1 

we have made in this work so far is the """-" .. ,"""'.:: .. " .. 

the real network architecture a 

time is ('n ,7'1"fl ('7<''1"1 ,","II UULW~I".JI distributions a stochastic process." 

can never the meta-execution the pn)tocol ,,"'U'<TO,of-

that this is true. In the SSllmoti.on that state time are eXIPOlo.erltUl.lly 

is less to fit with observations of We this 

because the expOnelLltl,al distribution is the one we can use if we wish 

to assume that the stochastic process our network architecture is a 

process. The 

on its current 

communication ",,,,1"l'>'ITI<1 

IJ""'.Y"U"' on the 

behaviour the ''''';Y,t>lm 

\.,UJ,U!-''UL101 and 

eSI)eciall:v if one chose the states 

l,-,a.LlV,IL, we can different un;a.",!"!;,, to states, 
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In this 

stack. 

5 

and 

"IJ"\"""\,, r'~""'r,; structures 

are "IJ'-""''''U 

Power r:tl'fISIl.'fIJ:lII.U 

we nrr,nr."",rI in 
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The state _____ .,. ______ subsections are based on 

... ,."T ..... ,..., ... ' entities 

or 

in it may be in and state transitions that may occur. In au'u.n.LVLL, 

account various processes is in a certain state is 

This UAlLVLUA.,"ULVU is n.V.t1.11'"1,'H'" 

In 

communication. The user 

the user "'IJIJHv"""AV1l 

e. g. "lJ,,,,, .... H or data. 

Radio Bearers 

Radio link control 

Service access point Channels 

Medium access control 

1 "'n"·n .... rt Channels 

16: User 
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the next "",,'1"1om 

the PHY 

1. 

2. 

states: 

3. Data Transfer 

4. 

we the various states 

,,1",.,,1"<'" the state 

Q,Hi'Hll~~JlH~ and ,.",,..,,,,,rln The can be in one of the 
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STATUS REPORTING 

17: 

In this there is no data 

Channel Access ~~~'~~'.T 

In the nr,nT.r,,..() 

a 'VU'UU.UUH 

NULL 

DATA TRANSFER 
READY 

the the PHY nrrno('o 

the PHY 

state. 

CHANNEL ACCESS 

is created and 

access to either a or 

After a "u,oo,UJl>",. ra""'''<!T is sent, a confirmation via 
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is HHVJ.," .. a,~.\.j'u on or not a channel has been ""'~"1<.'1"'U. 

or not. 

If a \.-",,,,u.,,,,. is ... ,,.,.,,,, .. ,,, .. , state so data can be 

Pf()tocO! can wait next 

via ,",H':".u~,,,, state to 

State Data 

In this nrt1Hl,rnl can transmit and receive 

State 

The enters state whenever 

these events 

• PHY hardware 

• message ... "u"c.~v. 

• End of message indicator received. 

the has been sent to the 

state. In the event that is on 

to state. 

1. 

2. 

3. 

4. 

next se(:tl()n, we QIS,CUl,S 

53 
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5. 

NULL 

CHANNEL CONFIG 

STATUS REPORTING 

18: The Model the Medium .o.L.U'''''' 'LIUAJlI,HJ> 
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State 

In 

connection 

If this 

ment 

the 

Data Transfer 

In 

If the 

a 1"PI1"'P'U 

If 

In 

inactive 

via 

receives a 

measurements Le. 

measurements are to 

If 

state or 

If measurements to 

to In this state the 

np,·pt,-.1"P it is not to T.r>.n .. ,u'r any 

via 

state. 

state. 

a 

measure­

\;H''''H!~t:., to Measurement state. 

between peer entities. 

the 

\;W'U11,,"'., to Measure state. 

a connection 

this case the no exists. 

via the the 

measurements. The these 

it remains in its 

show that the is not 

via to state 

not exist no can be 

In once 

is 

receives a via a 1"PI1IHP,,,t. to the 

in to or vvl .... l ..... l.-.- a 

In this ""'''AUJ.JJJl', an m(llC,al;lon via 
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In next ",or';-;'-"" we discuss various states the control 

state 

can be in one the states: 

1. Null. 

2. 

3. Reset 1-":""''-'''''1'. 

4. 

5. and :-;",,,n<'nrl 

CRLC·CONFIG 

NUll 

19: The State Model the Radio Link Mode Entities 
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In entity is inactive tn~~reIOI:e it is not any data. 

via 

",,.,-.+n,,nl enters into Data 

to 

upper 

state. 

in 

peer entities. 

If an 

ates the 

receives a ,.",r"""'Q+ 

transmission. 

upper 

transmission h""h",~",,, 

indi-

initi-

any action. If it 

is 

spEmdled. and enters into ,,,,,,,,,,:,"1"1 state. 

In this waits 

.... H'''H~,''U hp1i,wl'pn the entities. 

a response from its peer and no data can ex-

the upper layer un ....... '""u.''' 

as """""""""<OU 

If it receives a 

remain in its current state d.e'pelrld.llllg on 

!fa is rC""",",Tpn 

If a ,.",,-n,,,,,T via 

enters into Reset and """1-'<:;;""" state. 

a via the 

enters into Null state and is .... VJ .. ".'u" .. 

remains in its current state. 

upper is 

57 

state or 

set in 



Univ
ers

ity
 of

  C
ap

e T
ow

n

",n,.,nrl State 

In is sDlen~le(l. i.e. it not send AMD Sequence 

transmission and enters 

into state. 

If it receives a T''''(1I11''''~t. 

release, 

initiates 

In 

via 

entities. 

state. 

!fa 

is i.e. 

state. 

In next 

5 

In this "':"'1"'l"m 

In 

continuous-time 

is COlllSl,del:ed as 

the an initiating I"UJ:U.U,"!UIU 

n1',n£',>I1,,1'''' and enters into sU!;;pe:nd state. 

State 

waits a response its peer or 

its upper no 

is 

state. When a 

entities are reset enters into 

via the is received the 

releases enters into 

we we derive state 

the state in we derived 

state def,cflptloIlS 

'-Au."'." .... , are used as 

these 
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In """'Ull,!V!!, 

for 

rates """V"£Chl""U. state transitions 

is iT<>1r,,"!"" + ,"\ ,. matrix 

is 

1 

2 

3 

4 

matrices store 

states ret)re:seIJltec1. 

o 
QU 

+ + 

name 

Null 

V!!,""Wl''''' access 

states re~)re:seIltec1. 

matrices 

transition 

) 

o 0 

+ 0 
o + 

+ 0 
o o 
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Data 

4 

5 

RLC Matrix and 

is matrix states 

(~.' 
112,1 0 0 

Pl,2 +114,2 + 0 
:::: pt,a 1'4,3 

1'1,4 +P3,4 
PIJi P2,a P4,!i 

Reset 

4 Reset 

5 

In next Q,,£·t.irm we structures 

lin " ... "'r ••• reward 'lIUJ'(]'P.I,fio we can rp"""Ton structures "'U, .. 'iL';:;"" states 
In our <>v,r.<>,·iYYl<>n4r" LULLU'''HJlt< P""",.u,&v cases 

in which Markov reward models can be -.-'0---- power 

...... ,'"'",,,<>,, in "'-1"0.1.1"'" 4: 

Power factor: A power a 

state in 
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Power power 

Power 

tics individual 1"\1',-.1""1',,1 

The next section discusses how 

tool. 

In 5.3.1 and 5.3.2 

and 

the various states 

intervals [to, tIl where 

as well as 

interval. 

From 4.2 on page 

number Ci, 

1. 

2. 

,rnv", .. " measures 

(1) 

and states 

based on reward 

power 

is Mobius ""'"'0£ .... ''' 

,.. .... '·nr<',.. the continuous-time 

and 

the 

transient time 

of 

time in state i. We use 

over an time: 

in the discussion. power 

1-'''''''''_<0,", >UJ,,,"'.V''''' of a pro-

states consume most power, 

time in. 
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power 

power consumption """"'v .... J,a, 

to 

on 

in 

(Le. Power 

other an 

we can use 

interest 

Power Power 
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In this we discuss 

rAr,nilCAr! to a power 

Medium access rn7l1:'rf}/ 

col architecture 

the 

the 

the power 

the 

the Markov 'r>"IIIII.'/"H 

we prElSellt 

in 

In the next section we discuss the "VA.'-'U"'W <>'lI'n<>r;Tn<>"t. UUj.I'''''.''''''.'"O,"''I..,J,J, the differelilt 

power 

1 

We ImlDlelme:ntea 

ure 20 and 

its 

we 

in 

set to expo:nel1tl'aJ. time 

atomic editor 

timed transitions 

rates spE~C111ea o to 1. 
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Figure 20: Screen shot of )"!Obiw< Bur.ket" ""d n,,!/.' representation of the RLC layer 

NULLSTATE 
LOCAL_SUSPEND 
RESET..PE1-,"DTNG 

, 
o 
o 

T"bJe 2: Bucket attributes fur the radio link controll"yer 

Rewards wer~ then spedfied in the &ward editor. Thr this '"'I",rimen\., efU'h l'f'warJ 

d~1ined had a number of pel'lormanee va.l'ia.bles specified depending on how mallY :<tat", the 

bye.[ has, The va.lue of the reward foT individual P<'dormance variahles was determinod by 

the In'" of stuJy being conducteJ: Power factoT, or Power level, or Pm,"" C<Jn,."mptwn 

compa,",on Each perlormanee variahle had the following generic ,ynt(I.X lor the reward 
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depelrld;mg on atomic 

-+ return 1; } 

c++ statement means state the atomic 

L 

state space state transition 

is 

solve 

matrix to be evaluation are geIlerated by 

accumulated ... "."n.-r/ 

time interval the ex]:)erime:nt Mobius simulator was 

in to capture time the 

is in a state. 

For we two cases in to 

power """"UA .. UH"" dittenant transmission t;U.IlULLlIJH. In 1, we 

a transmission ", .. ,Wn",...' sPE~ncls more time measurements 

the transition rates into all on 

states .., .. ''' ... A'''. <VVJlA\ .. U .• 'U'U measurements values 

other states. 

more time in 

power 

Transition Rates 

Tables 3, 4 5 

two case experinleIlts, 

C;AJf'Hl"'l~;U in section 4.4 

on 

source 

In 

Due to 

transmission. compare 

states two 

U<:;,,,,.lHQ,"lU'lJ states 

the C;AIJVH<:;J""l<W 

state rates are UIJlHt;UlL as 

are intuitive 

number units to a 
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Destination 

3: Activity case transition rates between 

66 

Rates 

0.2 

0.2 

0.2 

2 

link control states 
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0.2 

0.5 0.2 

0.01 0.01 

0.01 

1 0.2 

1 0.2 

case transition rates hpt.wp~'n .. ,'"u. ....... access 'VV .. ,AVA states 

2 

0.01 

0.5 0.4 

0.2 0.2 

0.6 0.4 

5: case transition rates h"t·",,,,'n states 
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For structures 

the 

on Markov reward 

utilization, This measure corre-

""', .. nrl", to the amount to in time, This 

us to nnrlp,·",n.n power utilization 

In state we 

each state i E we set the power 

Cj 0, Vj f:; i. A Markov reward model this 

For our an to m(lerst~m(l1ng the power utilization 

which states would consume it allows us to rI",I''''T1rr1 

power 

For the Power {'fl'TI..'<?I.'HITl 

the us to compare the acl~mnUlat,ea 

compare the accumulated amount 

"n"""", reward structures 

most 

each 

each 

is "Alf.I"'J~"U to accumulate a certain overall power 

the protocol uUI-'!<:;un;:U.,jl 

access control 

intuitive 

state, In 

on the .... "" ......... 

link control 

associated with 

be determined by the 

68 
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1 0.01 

2 0.9 

3 1 

4 0.5 

5 * 
6: 

In this " .... vv.~ ... , 

PrElSellt one 

in turn in 

22 

tics when more time is 

in 

0.01 

0.9 

1 

0.5 

0.4 

power 

\JUJLl1U>C ourselves to the 

"'.11.'''''''1-''''' in the 

0.01 

1 

0.5 

0.8 

0.8 

ac­

result "U~JU,t;,U we will 

of our power experiment the 

in the each are .... ''''I'ne'''''' .... 

compare the power '"'v ... " .... "!'.v.v .. 

measurements 

initial transient 

very 

power ,",V""Ul" 
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Figure 21: RLC Lay"" Expected Aoou"",lulion 

The expected accumulation remIts compaTe the expectOO accumulation of reward in 

tim. of the two e",perhlJ~"t cases, It shows that for the parameter valu,", ",,,,,,,,,,,<1, the 

protocol lay,,," conaume more energy when they are pedorming m~""u,.ement<l than when 

they are transmitting data, 
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Fi~"'c 22; me Layt'.r: Time-Averaged Accumulation 

The tiIllC-avcraged areurnuiatiOIl rffiults shO'lV that after a certain a,t!l<)"nt of time, the 

consumption st~bilized for both C""",. Thi, indicate, that the protocol layer has enter",1 

int.o a .teady ,tate. Using this result. we me able to dct.crminc which case consume, the 

mOISt and the le",t l\.Ill(Iunt of p(M'er. 

:\lAC La,)u 

Similar to the timc-avcragod ace11lnulatRd rewaxd results preSEnted in the previous su"",,,,­

tiOll, the j\IAC layer results are illustrated below. We arc able to distinguish betweEn the 

two c"""" whel c the pro<.orol. spend, more time either performing IDC""Ur"U;cnt," 01 perfunn. 

iug data trarulfer" For th;, experiment, We ohi<erv., that Cru" 1 is more power intensive 

than C"" 2 in boU, tralk<icnt and st.>acly state. 
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Figure 23, MAC LiLyer: Tim,-AtlCmgcd ACCllmlllatioll 

PHY Layer 

Analogous to the result. pr""""ted in the previous subsect ion, the time-uvemg""J accumu­

llll; "<i r"wiLId r""ult, of the PHY l"yeI are illu.st m k d hdow. H ~l"" "how, the ~ompiLIed 

results of CaM< 1 and C",w:l with Ih" former eMe eonsllming more power th,,,, the l"tter. 

I" addition, dnring the tramient st"te, th" IiLtA of power eOll.,wnption L, 8imilar for the two 

C1\ses. J1owev~.I , t lw.Ie i, a di8tinct difference on"" the protocoll"yer "'Lte rs m"iL<ly stll.te , 
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Figure 24" PHY Layer: Time-Averoged Accumulation 

6 . .1.2 Power Level Analysis Results 

Figu r es 25, 26, and 27 illushale the :results of OUr pow,,", factoT expeTiment fOT the RLC, 

iliAC ""d PRY protocol. leyers. For this experiment, we specified. 1 lIS the rew""d in each 

nm of the accumulatoo re"-",,,d solver. The trends in the Tesulh for ead' layer are discussoo 

in tum in the diacus:,ions hereafter. 

ltLC Layer 

The results presented here comp...-e 00"- much power rewaTd each state of the RLC layeT 

protocol wouk! cootribule over a period of time. Figure 25 shows the combined expected 

accumulated rew""d ""d time.averaged accumulated reward results. 
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Figure 25: 

of-time 
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Analogous to the RLC byer eo<petiment, we are able to determine the power consumption 

cOIluibution each of the protocol layers sta\.cs would make and which states have a higher 

frequency of yi.:;it8 . III Figure 2(;, we """"eve t hat t he reward ,\~ signifies the state t hat hB8 

the most visits once the protocol layer hB8 hocn in steady state fo:: OOm€ t ime. 

PHY Layer 

Below is an HhlBttation oJ the results of PQwer leyel 'mal}'8i" experiment. of t he PHY layer, 
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Figure 27: PHY Layer: Timc-a""mg"a accumulated ",warn 

For this protoc<J! layer, the state th,,\ ,-ctuTns TCWard r3;s the m0i5t vi"ite<i state. 

6.3.3 Power Corummption Comparison Analysis Res ults 

Figure 28 shows the power cOIlBumption comparison of specific protocol implementatiOlls 

of the RLC, MAC, anu PHY l""er._ The graphs iIlustTate how a pl'otocol implementor 

can determine and compare expected power corulUmption characteristics of part or t he 

entire protocol architecture implemeutation. It pr()\ides insight int(> which protorollayer. 

COll.SUDlC the most and the least amount of energy when the mobile device is in a steady 

state. In this p",lieulaT Cll!;e, the .MAC j'wer is expe<:.ted to oousUme the most. ""d t he 

RLC layer COll.'lU!IleS !.he least a",ount of power for this particular protocol implementat ion. 
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Figure 28: Co",p".l:oo power consllmption of individllal ptotocollaym implementation., 
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Appendix A 

Mobius Editor Model Files 

A.I Atomic Editor Files 

The following illubl:ratio". are the at,omic model files [or the Ur..ITS protocol l"y~x" we 

modelk"<l: P"Y';rx<~ AJed",m Access Crmtroi, ""d Radw link Controllayelli. The Radio link 

Con/rollaO'er ",reen shot shows the additional ""\ itors that allow the modeler t.o to spfdfy 

the type of dibtributioll fOT th e tranr,itionr, !l.n.! their respective rates. 

"~,, __ '"' .' ''''' 1!l1ii£; 

Fi:,(ure 29: Buckets and Balls atom.>c editor of the Phy"icallayer 
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figure 30: Buckets and Balls atomic editor of the MediUln Acress Control1ayer 

-
0< ,~J ,,, .. 

- ---
" :._, 

Figure 31: Buckets fill(l Balls atomic editor of the Radio Link Controllaycr with TransitioIl 

Distribution aoo Rate ooitors 
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A.2 Reward Editor Files 

The following illustration i8 an ~=ple of one of the reward editor file for the performance 

v",·inhle specified for the UMTS protocolla}"'rs. They include example" of how ,tate reward 

vari"bles are defined in the "rubiu, tool. 

Figure 32: Reward edit"" for the Physicall"yer 
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Chapter 7 

Conclusion 

7.1 Summary 

This dL'l.¥rlation has im'e8tigated a methodology tha.!. incor!><>rat~ .. th~ formal "pedfioo­

lion of radio inl.crface protCleol. for t.he pllr!>OO" of analyzing thA power consumption of 

wirelt>B" communication equipment. Similar to prociicting protocol vcrfonuliJ!oo from mAl.1i.­

implementation, power consumption can bf, ~n additional concept to the whole proces.., of 

implementing power-efficienl wireless protocols. By deriving the date-t.ran,ilion graph, of 

,el""1.ed radio illterfac~ protocoL" WA can Il5<1 Markov models that allow us 10 track the 

evolution of Ihe protocol during normal op~rat.ion, From the Markov lJlodd, 1'0"1".- con­

.mnplion can be modelled "~" reward by way of Mark,w R""!arri Mode/. •. For each prot.orol 

state, poll'"r can be represented a.'l the re,,-w obtained per unit tim" for being in that .talc. 

\Vc inv",tigatcd t.ccimique" that took advantage of ooille of the properties of MarkOlJ 

Reward MadeJ, (i.e. steady .tate, accumulation, and avaHabi!jty), which iliow us to assign 

weights that. are alli!.logou, to ihe power cOllsum",l by t.h~ dm~rent. st.ates of thA prot.ocol. 

From these modeL., we were able to analyze the tzend.s in power consumption. The analytic 

results were categorized as the Power factor. P o-wer Level, and the comparison of ih~ 

P ower consumption of diffe,.,.!!!. laym:s. As an """"'pie of implementation, we applied our 

methodology tD the UnitICrsal Mobile Telecommunication. System (U/>,ITS) ",dio inkrface 

protocol, and pr~_"'ntoo "",m" results. 

Fini!.lly, w'c inteTvi_cd a Protocol htlpi"",.nto; from SiemA", AG Sout.h Africa in ord"" 

to share OUI ideas and gain in,ight intD general pract ice, involved in implementing powcr 

aware soih;are protocols in wirelcs.s cOlJlJnunication devices_ Though !><>,,'Cr co!lllumption 
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These results show us which states (denoted by EX{) AR' rl---> r::-<) are expected to 

consume the most amount of power_ In addition, the results illw;trate the expecWd power 

consumptio" behaviour """,,,,iated with each protocol state oyer a penod of time Thi" 

i. determined by the frequency with which are state is visited. Analogous to the power 

factor eXp<'J'iment, these results are largely dependa"t on the transition rat es between the 

yarious states_ Thr example, ".., can oIJServ~ from Figure 25(b) that the state that returns 

reward rl is more likely to be the 11103t frequently visited "talo. Results of this 50rt can 

be very useful to the protocol implementor in determining w";eh of the protocol states are 

power inte,naive based on a particular protocol layer implementation. At this stage. the 

impieIneutor has an OPl>Ortunity to address the implement.ation overhead ca""td hy power 

intensive protocol.tatea belore the final protocol program cooe is uplo&led on the wireless 

device_ 

MAC Layer 

Below is an illumration of the resolts of p<JWer k'Vei analysis ~xperiment of the 11AC layer. 

'Exp AR d<noteo Ihe Expected Accumulated Reword. 
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function depending On the a.tomic model: 

if( RLc_cnw ---> NULL-STATE ---> !-.Ia:rkOll return 1; } 

This C++ "tatement means that if the "NULL.5TATE" "tate of the RLC_CThlC atomic 

model i. ma.rked, then the function returns the value L 

To ""lve for the specified perform ability "ariable, the .tate space and state transition 

IMtdx to he u""d for analytic evaluation are generated by the Sjud~ and Solver editon. 

Using the Numcf'lco.I editor, we ""lectt-'(i the accumulated ffwa,rl solu"r(ARS) and "pecified 

the time interval f01 the experiment. In additicn, the Miil>ius simulator w,," used to senerate 

the distribution of the the accumulated re"",rd in order to capl.nre the fraction of time the 

model is in a state. 

6.2.2 Power Fador Almly,js 

For the Po",",r factor aualy;si.s experiment, "" .pccify two c= iu order to obserye how the 

power ~nmulation con vary during different transmis"ion condition. In Cas" 1, we model 

"tran,mi",icn condition, where the protocol spends more time performing measurements 

on the wir'e\e;s. chnneL Wha.t thi!; impli.,,; i. that the e)[pected transition rat"" into all 

stales associated with channel condition measurement." have highe1' values compared to 

other state.;. On the other hand, Ca" it models the a situation where the protocol spends 

more time in data transfer states during transmbsion. Ultimately, we wouJ.:l compare the 

power factor associated with each of the stat"" UIlder these two conditioDll. 

Transition Rates 

Tables 3, 4 a.nd 5 show the oouree and destination stat,," "-"'!OCiated with the RLC, hlAC 

and PHY layer respectively. In addition, they show the exponential dkltribution rat"" for 

the two case e)[periments. Due to the f3Ct that actual state rate, are difficult to Sci, as 

explained in """tion 4-4 of chapter 4, the rates used for the following "lUdle, are intuitive 

assumptions based on the type ftnd nnmher of protocol data unit. served to and by a 

protocol layer. 




