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Chapter 1

Intr oduction

CodeDivision Multiple Accesg(CDMA) is awell-knovn radiocommunicationechniqueo allow mul-
tiple usergo shareghesamespectrunsimultaneouslyln CDMA, usersaremultiplexedby distinctcodes
ratherthanby orthogonafrequeng bandsor by orthogonatime slots[1]. Direct-SequencéDS) CDMA
is themostpopularof CDMA techniquesThe DS-CDMA transmittermultiplies eachusers signalby a
distinctcodewaveform. The detectorrecevesa signalcomposedf the sumof all users’signals,which
overlapin time andfrequeng. In aconventionalDS-CDMA systemaparticularusers signalis detected
by correlatingthe entirereceved signalwith that users codewaveform. Multiple Accessinterference
(MAI) is afactorwhich limits the capacityandperformanceof DS-CDMA systems MAI refersto the
interferenceetweerdirect-sequencesers.Thisinterferencas theresultof therandomtime offsetsbe-
tweensignalswhich make it impossibleto designcodewaveformsto be completelyorthogonal While
theMAI causedy ary oneuseris generallysmall,asthe numberof interferersor their powerincreases,
MAI becomesubstantial.Therefore ary analysisof performanceof a CDMA systemhasto take into
accountthe amountof multiple-accessnterferenceandits effects on the parametershat measurehe
performancejn particularthe signal-to-interferece-and-noise ratio at the recever andthe relatedbit
errorprobabilityontheinformationbit stream.

However, a deterministicdescriptionof the MAI is impossibleto give, sincethe phenomenotis due
to the asynchronousatureof the multiple accesgechniqueandto the propagatiorconditionsencoun-
teredby signalsemittedby differentand distantsources. Thus, in systemperformanceanalysis,the
presencef MAI mustbetakeninto accountby meansof a properstatisticaldescription.This solution
is very attractve, becauseof the significantsaving in computationaburdenthatit allows in simula-
tions;however, it canbealsothe mostcritical, becaus®f thedifficulty in determininga satishctoryand
computationallyefficient statisticaimodelof the overall system.

In this report, we aim to analyzea setof solutionsproposedn several works for the problemof
the statisticaldescriptionof the MAI in the up-link (users-to-basstationlink) of a DS-CDMA cellular
system.The goal of our analysisis to highlight the benefitsandlimitations yieldedby the useof those
solutionsessentiallypy comparinghemin differentworking conditions.It is worthto noticehenceforth
thatthe mostpopularapproachs the Gaussiampproximationmethod[6] andits variants.

Thework s organizedasfollows: in Chapter2 we provide amathematicamodelof thecompleteDS-



CDMA system,in Chapter3 several analyticalmethodsfor the performanceestimationare described,;
Chapter4 containsthe numericalresultsobtainedfrom a MATLAB implementatiorof thosemethods;
finally Chapter5 providestheconclusions.



Chapter 2

Systemmodel

In this sectionwe provide a mathematicatlescriptionof anasynchronou®S-CDMA system.We focus
on the up-link (or reverselink), thatis the communicationlink from the users terminalsto the base
station. We considerthe possiblepresencef flat or frequeng-selectve fadingandthe organizationof

the systemin a cellular structure. We describethe signaltransmittedby eachindependensource the
channelmodels,the receved signaland the decisionstatistic,in orderto introducethe techniquesof

analysigpresentedn the next chapterf4, 7].

2.1 Transmitted signal

Let usassumehatthereare K,, independentserstransmittingsignalsin the DS CDMA system.Each
of themtransmitsa signalin theform:

sk(t) = /2Peby(t — 7;,)ag(t — 7;,) cos(w.t + 6y) (2.1)

where P;, is the power of the transmittedsignal, w, is the commoncarrier frequeng, 6, is a phase
offset, by, (t) anday(t) arethe dataandspreadingsignalsrespectiely andr;, is a randomtransmission
delaycalculatedwith respecto areferencdransmittedsignal,accountingor thelack of synchronization
amongtheusers.

The datasignalbg(t) is a sequencef unit amplituderectangulapulsesof durationT, andphase0
or 7 radwith equalprobability Eachpulserepresentaninformationbit for userk. Thespreadingsignal
ar(t) is asequencef unit amplituderectangulapulsed(chips)of duration, andphased or = radwith
equalprobability ThereareG,, chipsperbit andthusG,, = T3 /7T, is the processingyainfor userk.

2.2 Channelmodel

The k-th sourcesignalis transmittedthrougha channelhy (t) which canbe representedy meansof
threefundamentamodels:



Additi ve White GaussianNoise (AWGN) channelwhich simply addsa white randomprocessn(t)
to thedelayedtransmittedsignal;

flat fading channelwhichintroducesarandompathgainmultiplicative factor generallymodelledwith
Rayleighdistribution;

frequency-selectie fading channelwhich generateshe multipathphenomenonthatis a numberof
replicasof the sourcesignalcharacterizedby their own delays,phaserotationsand Rayleighdis-
tributedamplitudes.

Thelow-passequivalentimpulseresponsef thesemodelscanbewritten in theform:

5 (t — Tf!), for AWGN
hi(t) = { ol 6(t — 1)), for flat fading (2.2)
7]\,;[::0 Oty €060 6 (t — Trm,)s for frequeng-selectve fading

wheredy, x,m, andy, 7y, arethe phasesandtime delaysintroducedby the channelithey canbe
assumedo berandomvariablesuniformly distributedin [0, 27) and[0, 75,4, ] respectiely, whereT,,, 4,
isthemaximumdelayatwhichtherecanbeamultipathray. M, isthenumberof multipathsgeneratedby
thefrequeng-selectve channeffor the k-th transmittedsignal. o, oy, ,, arethepathgaincomponents
with Rayleighdistribution:
(6] Oé2
fala) = Sow {-%}. (2.3)

Ua o
2.3 Recevedsignal

In amobileradioCDMA systemthesignalsfrom mary usersarrive attheinputof therecever. Thus,the
recevedsignalcontainsboththe desiredusers signaland K, — 1 undesiredisers’signalsaswell asthe
channelnoise. In caseof frequeng-selectve fadingchannelstherearealsothe multipathcomponents
of boththedesiredandinterferingusers.Thus,thetotal receved signalcanbewritten as:

Ky—1Mp—1
r(t) = Z Z V 2P 0tk g b (= Ty, )@k (t — Ty, ) €08(wet + Premy,) + n(2) (2.4)
k=0 mp—0

wheren(t) is the AWGN with two-sidedpower density Ny /2. Note that the value of 6y, is included
hereinto the definitionof ¢y, , while thevaluesof ; andr;/, . ~areincludedin 7 ,,,, . Withoutlossif
generalityassumehatthe signalfrom user0 is the signalof interest.

A correlation recever is typically usedto filter the desiredusers signal form all othersusers’
signalswhich sharethe samebandwidthat the sametime. For this purposethe receved signalr(t) is
mixeddown to basebandnultiplied by thespreadingequencassociatetb thedesireduser(a(t)) and
integratedover onebit period. This sequenc®f operationds calleddespeading Thus,assuminghat



thereceveris delayandphasesynchronizedvith themainmultipathcomponenbf the signalof interest,
thebit decisionstatisticfor thatuserwithin thebit intenal [mTy, (m + 1)T3) is givenby [4, 7]:

(m+1)
Zo(m) = / T a0t — 7o) cos(wet)dt —

me
Ky-1  My—1

= a()() Tb—l- Z Z Ik,mk + v (25)

k=0 [mg=0, mo#£0]

whereby (m) is them-th transmittedbit from the source0,

(m+1)
v = / n(t)ao(t — 0,0) cos(wet)dt (2.6)

me

is a zero-mearGaussiammandomvariablewith variances? = NyTy/4 (thermalnoisecomponentiand
thesummation

Ky—1  Mj—1
I 2 Z Z Iim, = (2.7)
k=0 [my=0, mo#0]
Ky—1 My —1 (m+1)Ty

- Z Z / O"%mksk(t - Tk,mk)ej¢k’mk ag(t — 7'070) cos(wet)dt

=0 [my=0, mo#0] mTy

representghe contritution of MAI to the decisionstatistic. It is worth to notice that the MAI term
includes:

- all themultipathcomponentselative to thedesiredused:Iy 1 . . . Iy, a,—1, While the (0, 0)-component
is thedirectray;

- all the directand multipathcomponentselatve to the interferingusers: Iy . . . Iy a,—1 for all
Ek=1,2...K, — 1.

Thus,thedecisionstatisticdefinedin (2.5) canbere-writtenas:
Zo(m) = Do(m) + 1 +v, (2.8)

whereDy(m) is thedesiredsignalcomponentfirsttermin (2.5)), I istheMAI (2.7)andv isthe AWGN
term(2.6).

In caseof cellular networks, it is worth to decomposéhe MAI terminto two distinct contrikutes:
I = Ip + I;, wherel is the interfering signaldueto userswithin the samecell of the desireduser
(own-cellinterferencg andI; is theinterferingsignaldueto the presencef active usersin othercells
surroundinghecell of interest(inter-cell interferencg. Hence:

Zo(m) = Do(m) +Io + I1 +v, (2.9)
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It is concevableto supposehat I, and; arestatisticallyindependent.

A statisticaldescriptionfor expression(2.7) canbe found in [3], [12], [4], wheretheterm I is
re-writtenasa function of the setsof parameterg ¢y, }, {7k,m, }> {Pr}> {ok,m, } andof theinteger
randomvariable B thatrepresentshe numberof chip boundariesn the desiredsignalat which a tran-
sition to a differentvalue occurs. However, the commonway to proceedwith the analysisdisregards
the completeexpressiorof the distribution of I, by introducinginsteadthe GaussianApproximation:
whenthe numberK,, of userss large,theinterferingtermI (andseparatelyhetermsly andi;) canbe
approximatedy a Gaussiamrandomvariablewith zeromeanandvariancewhichis the sumof thevari-
ancesf thevariablesin thesummationCentralLimit Theorem|[10], [11]). As it will bedemonstrated
in the chapter3, this approximatiorgreatlysimplify the MAI analysis.

However, the Gaussiarapproximation— evenfor a large numberof interferingsignals— is valid
only if nosingleuseror groupof usersdominateghetotal MAI; otherwisethe Gaussiaimodelfails [4],

[5].

In caseof multipathchannelabenefitfrom the presenc®f multipathsthatarrive with adelaylonger
thatonechip period(uncorrelatedmultipathy canbe obtainedpy usinga RAKE recever.

A RAKE recever consistof abankof correlatorsnamedfingers, eachreceving amultipathsignal.
The RAKE recever hasarecever finger for eachresohable multipathcomponent.In eachfinger, the
recevedsignalis correlatedby the spreadingode whichis time-alignedwith thedelayof the multipath
signal. After despreadingthe signalsare weightedand combined:whenthe maximalratio combining
principle is adopted gachsignalis weightedby its own pathgain (attenuatiorfactor)[2]. In this case,
theusefultermin (2.8) becomeg7]:

P() Mo—1
Do(m) =4/ 5Ty > amg (2.10)

mo=0

recalling that M, indicatesthe numberof multipath rays relative to the useful signal, receved with
amplitudey/ Pyag g, Ymo =1,... My — 1.

2.4 Near-far effectand power control

The power control problemarisesbecausef the multiple accessnterference.Dueto propagationthe
signalreceved by the basestationfrom a userterminalcloseto the basestationwill be strongerthan
the signalreceved from anotherterminallocatedat the cell boundary Hence,the distantuserswill be
dominatedby the closeuser This is calledthe nearfar effect To achiese a considerableapacity all
signals,irrespectie of distanceshouldarrive at the basestationwith the samemeanpower. A solution
to this problemis power control, which attemptsto achieze a constantreceved meanpower for each
user Thereforethe performancef thetransmittempower controlis oneof the seseraldependentactors
whendecidingon the capacityof a DS-CDMA system.In down-link the power controlis alsorequired,
in orderto minimizetheinterferenceo othercellsandto compensatagainstheinterferencdrom other
cells,but it is lesscritical for the performance.

10



2.5 Signal-to-Interferenceratio

In ary multiple accesssystem,oneof the fundamentadesignparameterss the Signal-to-Interferere
ratio (SIR) attherecever, which measuregheratio betweerthe usefulpowerandtheamountof interfer
encegeneratedby all theothersourcesharingthe sameresource Recallingexpressiong2.8)and(2.9),
it is easyto expresshe SIR:

_ E{Do(m)*} _ E {Dy(m)?}
E{(I+v)?} E{IZ}+E{I}}+E{v?}
Thestatisticalaveragesn expression(2.11)canbe calculatedasfollows. For theusefulterm|[3]:

E{Dy(m)*} = E{ (bo(m)\/?ao,oTb) } = P°2Tb2 E{oje} (2.12)

or — maintainingthe conditioningon the pathgainag o —,

SIR (2.11)

PyT?
E {Dy(m)?|aoo} = 02 bad,. (2.13)
For thenoiseterm[3]:
E{*}=02= NZT”. (2.14)

Expressiondor the varianceof the interferencetermscanbe foundin [6] [3], [4], [7], [13]; they
all exploit the Gaussiarapproximatiorof thesummationsn I, Ip, I; andoperatesubsequerdtatistical
averagesover theervironmentalparametersThusthey obtain:

G,T2 !
E{P|Pi} =ofl(py = =5 > P, (2.15)
k=1
in purely AWGN channel.In presencef flat fading:
G,T2 Ted
E{P|Pe,ox} = 0F|(p o) = — 5= D 0fPe (2.16)
k=1

Finally, in caseof frequeng-selectve fading,with the hypothesesf identicalmeannumberi of mul-
tipathsfor eachsourceandidenticalmeannumberof userspercell, it is possibleobtaining:

A2T2 A2T2
E{I%} = E{aio,O} (KU B 1) 3Gb + E{aio,mko} (M B 1)Ku 3Gb =
p p
220 2 o
_ ATR20Y(MK - 1) 217
3G,
2 2 4 A2Tb2
AT}
_ 92 MEATT, (2.18)
5 3G,

11



whereay, ,,,, arethepathgainsaffectingsignalsof thereferencecell, ay, .,,, arethepathgainsaffect-
ing signalsof the surroundingeells, 5, = ””Z(l) is theratio betweernthe distance®f the k;-th userof a

r

surroundingcell from its homebasestation(ri,kl) andfrom thereferencebasestation(ry o). If thepath
gainsareidentically Rayleighdistributedand 5y, is uniformin (0, 1], we obtain:

E{a}, o} = E{iym} = B {0k my, t = 207 (2.19)
and .
E{f} =z (2.20)

12



Chapter 3

Techniquesof analysis

3.1 Standard GaussianApproximation (SGA)

Theuseof the GaussiarApproximationto determinghe Signal-to-Interferenc®atio (SIR) andthe Bit
Error Rate(BER) for a CDMA communicationsystemis basedon the agumentthatthe bit decision
statisticZ, (2.8) maybemodelledasa Gaussiamandomvariable[8], [9].

We recallherethe expressiorof thedecisionstatisticof thetransmittecit asderivedin theprevious
chapter:

Zy(m) = Do(m)+I+v (3.2)

where Dy is the usefulinformationcomponentind represents deterministicvariablegiven the trans-
mitted bit, while the MAI andthermalnoisecomponents] andv, areindependentero-mearGaussian
randomvariables. Thus,defining¢ = I + v, Z; is a Gaussiarrandomvariablewith meanD, anda

variancewhichis equalto the varianceof ¢ (ag).

3.1.1 Propagationin absenceof fading

Thanksto the statisticalindependencef the thermalnoiseand MAI terms,the varianceog is directly
expresseds:

ag = oj+ol=
G, T2 Kt NoTy
_ P6 c Z P, + Z (3.2)

Then,becaus®f the Gaussiardistribution of thenoise+interferenceermé, the probability of a bit error
overthechanneis givenby:

_ | Dol B P()Tb2
win-o( 1) o 7). .

13



Now considerthat, for QPSKand BPSK modulationschemesthe relation betweenrthe bit error prob-
ability andthe signal-to-noiseatio (E;/Ny) over Additive White GaussiarNoise (AWGN) channelin
absencef interfererss expressedy thewell-known relation:

_ By
BER = Q (, /2ﬁo> (3.4)

whereE}, is the enegy per bit and Ny /2 is the two-sidedpower spectraldensityof the thermalnoise.
Thereforethepreviousexpressioryieldsthedefinitionof anequivalentsignal-to-interferece-andnoise
ratio (SIR) for the CDMA system:by comparingequationq3.3) and(3.2), the following expressionis
straightforvard obtained:

PyT
SIR = b= (3.5)
205
0.5
g et —— (3.6)
3Gy k=1 2Ty Py

In typical mobile radio ervironments,communicationinks areinterference-limitecand not noise-
limited. For the interference-limiteccasethe thermalnoiseterm canbe ngglectedandthe averageSIR
andtheaverageBER aregivenby

3G,
Py
3G
BER|p, = Q( 7}5"1_11&) (3.8)
= Py

Notethatthe previous expressionsissumeahe knowledgeof the setof thereceved powvers{ P, }.

CDMA systemggenerallyimplementsomeform of power control, in orderto reducethe nearfar
effect. Thus,ideally, all the signalsarrive at the recever with the samepower: P, = Py,V k. In this
case:

0.5
3G,, +2TbP0
1
BER = Q Fro— (3.10)
3“Gp +2TbP0

Finally, in theinterference-limited¢asewith perfectpowver control,theaverageSIR andtheaverageBER
canbeapproximatedy

3G
SIR = 2(Ti1) (3.11)
BER = Q( %) (3.12)

14



3.1.2 Fading Channels

If we considera frequeng non-selectie fading channelthe pathgain componenty, canbe modelled
asa Rayleighrandomvariablewith distribution (2.3). In this casethe SIR andthe BER, conditionedon
thesetof fadingamplitudesandreceved powers,aregivenby [4]:

1
SIR|(ay, Py = — R o (3.13)
3Gy £vk=1 Pyal ' 2T,Pyal

1

1 Ky—1 P, o} Ng
3Gp k=1 Py Ot(z) 2TbP00¢(2)

BER|(4, p,) (3.14)

At last,the propagatiorchannekanbe modelledasa frequeng-selectve channelwith fourth-order
propagatiorpathlossandimpulserespons&eneratingl/ multipathsper signal,eachof themindepen-
dentlyfadedwith Rayleighstatistics.In this casethe RAKE recever structurecancombatthefrequeny
selectioreffect by usefully exploiting the presenc®f uncorrelatednultipathrays. ProperSIR andBER
expressiondor the caseof a RAKE structurearepresentedn the next section.

3.1.3 Cellular scenario
In caseof cellularsystemthedecisionstatisticZ, canbewritten as(2.9):
Z()(m) = bO(m)AQO,OTb +Iop+Ir+v (3.15)

whereA = /2P, is thereceved desiredsignalamplitude,l is the own-cellinterferenceand; is the
inter-cell interference.Again, assumingheindependencand Gaussiardistribution for Ip andI;, the
averageSIR andthe averageBER, conditionedon the knowledgeof ag o, canbe approximateds|7]:

_ (A oT)?
w0 = B{RY+ BT} + B )

SIR| (3.16)

In thecaseof N, interferingcellsequippedy a corventionalcorrelation-typaecever atthe basestation
and perfectlyimplementingthe power control, the SIR (3.16) andthe BER canbe calculatedoy using
expressiong2.17),(2.18),(2.14):

2
.0
SIR|a ’ o
Mlag,o %_F%[(ljt%)MKu—l]
BERM'ao,o = Q (\/m =
2
@0
. 7 (3.18)
£+%KH%MMUH)

15



whereo? is thevarianceof the RayleighrandomvariablemodellingthefadingprocessThen,averaging
over thedistribution of ayg o:

202
SIRy = (3.19)
YT B 2 (1 ) ME, - 1]

1 1
BERy = 5 |1- (3.20)

\/1 2E¢72+3G [(1+%)MKU_1]

wherethe Q(.) functiondisappeareth the solutionof theintegral, thanksto the particulardistribution
of a0 which hasbeenassumed Rayleighrandomvariable.

If aRAKE receveris usedall theuncorrelatednultipathcomponentsontrilbuteto theusefulsignal.
So,with perfectpower control,the SIR andthe BER canbederived as|[7]:

X
SIRrM|. = 3 (3.21)
2Eb + 325 [(1 + %) MK, - 1}
T
BERgrm|: = @Q (3.22)
; o+ [(1+ %) MK, — 1]
where u
= Z o2, (3.23)
m1=1

is a x? randomvariablewith thefollowing distribution:

xM—le—x/202

flz) = 0T (1~ 1) (3.24)

Averagingexpressiong3.21)and(3.22)over thedistribution (3.23),it is possibleto obtain:

2Mo?
SIRgM (3.25)
2E,, 5B, T 3?82 [(1 + %) MEK, - 1}
+o0 T
BER = / z)dz
o 0 ¢ 2Eb+§g¥2 [(1+%)MKU_1] /@
(3.26)

3.1.4 Imperfect power control

Up to this point, the presencef animperfectpower control hasbeenhandledin a deterministicman-
ner However, in orderto obtain averagedresultson mary possibleworking conditions,a statistical
descriptionof theimperfectpower controlphenomenomasto be given.

16



Whenthe power controlis imperfect,the receved amplitude A, of the k-th usercanbe modelled
asrandomvariablewith uniformdistribution aroundthe nominalvalueof the receved power level Ay.
This meanghatthe probability densityfunctionof 4, canbeassumeds

1
2V

whereV is the maximumvariationrangeof therecevedsignalwith respecto themeanvalue Ay. Then,
in the caseof corventionalcorrelation-typeecever, the averageSIR andthe averageBER aregivenby

[7]:

f(Ag) = Ay =V <A <A+V (3.27)

2
SIRmy = 20 (3.28)

M+ 22 (14 4) [0+ %) MK, - 1]

1

\/1+2E02+3G’ (1+3A2> [(1+%)MKU_1]

1
BERy = 2 1-

(3.29)

As in the previous case the (.) function disappearedrom the BER expressiorthanksto the solution
of theintegral for the Rayleighdistribution.
Insteadwith aRAKE recever, the SIR andthe BER aregivenby
X
SIRIRM|: = (3.30)
N 2 N,
Mo+ (1+ ) [0+ %) MK, — 1]

X

\/2E,, + 3?52 1+ 3A2) [(1 + %) MK, — 1]

BERipMm|z =

(3.31)

Finally, in absencef fadingandinterferingcells,the previous expressiong3.28)and(3.29)canbe
simplifiedin:

1
STRiy = (3.32)
N Ky—1
2m, T 36, (1 T 3A2>

BERy = Q(\/SIRIM) (3.33)

andin analogousvay for (3.30)and(3.31).

Notethatthe uniform distribution for A, is aroughapproximation:betterdistribution modelcould
be selectedthat more carefully takesinto accountthe impairmentsof the practicalrealizationof the
power controlalgorithm(e.g.the quantization”of the possibletransmittedevels).

17



3.1.5 Absenceof power control

In somesituationghebasestationdoesnotimplementary form of power controlontheusers’channels.
In thosecases the receved powers are strongly dependenbn the distancebetweenthe transmitting
terminalsandthebasestationandthe nearfar problemstronglyarises.In particular assuminga constant
transmittedoower, thereceived power level is attenuatedby a pathlossfactorthatis proportionalto r”,
beingr thetransmittewrecever distanceandn the path-lossexponentrangingfrom n = 2 for free-space
propagatiorto n = 4 for urbanenvironments[3]. Moreover, the receved power is still subjectto the
Rayleighfadingphenomenon.

In orderto take into accounthe distance-dependepath-losswe assumea uniform distribution of
theuserswithin acircularcell of radiusR.. Assumingthatr, is theminimumdistancebetweerthebase

stationantennandthe userterminal,the statisticaldistribution of thedistancer is:
2r
fr(r) = ma T € [ro, Rc]. (3.34)

The receved signal amplitude A at the basestationis a function of the distancer, of the path-loss
exponentn andof thetransmittedamplitudeA:

24
(V)"

Therefordts distribution f4(a) canbedervedasfollows: let usconsidetthe cumulatve distribution
F4(a) of theamplitudesit is definedasthe probabilitythat A is lower thana:

A (3.35)

a
Fa(a) = Pr{A<a} = / fa(a) da. (3.36)
—0oQ
This probability canbe evaluatedby meanof (3.35)as:
A
Fala) = Pr{A<a} = Pr{—o < a} = (3.37)
rn/2
A 2/n
= 1—Pr{r§ (—°> } (3.38)
a
. . - A 2/n
i.e.,by putting7 = (£2)~",
0, 7> R, a < i‘}z
Fala) = { 1=[. fr(r)dr, 7€ (O,R], Z%5 <a< % (3.39)
1, r < Ty, a > ‘3?2.
To
Then,by consideringhat f4(a) = %FA(a), it is easyto obtain:
443" _an A A
fA(a) = { n(R%O—rg)a ™o R?% <a< T;L?? (3.40)
0, otherwise.

18



At this pointthemeanvaluey 4 andthevariances? of therecevedsignalamplitudesn absencef
power controlcanbe calculated:

4—n 4—n
S T E— R2:| ) n#4
ps = E{A} = (“;4“3”3) AO ‘ . (3.41)
iy ()~ ()], =1
A2
o4 = E{A*}—u% = 0 [r27" — R2T"] — A, (3.42)

(n = 1)(RZ —r3)

It is worth to noticethatthe previous expressioncanbe easilyextendedto the caseof interference
from othercells: if we considera circular region of interfering cells aroundthat of interest,with uni-
formly distributeduserstheir interferingamplitudesarestill statisticallydescribedy (3.41)and(3.42)
by substitutingR,. with the maximumpossibledistanceof a userfrom the basestationof interestandr,
with R,..

Now, following the developmentwhich leadsto (3.28)and(3.29)[7], the SIR andBER expressions
in absencef power controlbecome:

207
SIRsm = (3.43)
27 1B {42} (MK, 1)+ SMEp {47}] + 2o
BER 1 1 !
AM — 3 -
2L Ut e+ wyr [B{A) (MK, 1) + XN p {47)]

(3.44)

whereAp istherandonvariableof therecevedamplitudedrom thecell of interestand A; is therandom
variableof thereceved amplitudesdrom theinterferingcells.
Theseformulasappearsimplifiedin absencef fadingandinterferingcellsin:

1
SIRuy = (3.45)
E{ A2
oy e 11240}(Ku —1)

BERay — Q(\/SIRAM). (3.46)

3.2 Improved GaussianApproximation (IGA)

Theexpressionsn section3.1areonly valid whenthenumberof userss large. Furthermoreevenwhen
K, is large, if the power controlis not perfectlyimplementedthe MAI is not so accuratelymodelled
asa Gaussiarrandomvariable. In situationswherethe GaussiamApproximationis not appropriate a
morein-depthanalysismustbe applied. In the previous section,theinterferencaerm I in (3.1) wasa
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zero-mearGaussiamandomvariablewith variance(2.15):

K,—1

G,T?
o? = % > P, (3.47)
k=1

obtainedby subsequenthaveragingthe summation(2.7) over the distributions of the ervironmental
parametersp,, 1, B. Thus,strictly speakingthe expressionf the SIR and BER for a single user
channehlreevaluatedasa deterministiomeasuref averagedervironmentalconditions.

A differentapproacltanbefollowedinsteadoy calculatingtheaveragedSIR andBER overtheervi-
ronmentaktatisticsjt hasbeenprovedby simulationg([4], [5]) thatthis approactyieldsto animprove-
mentof the Gaussiarapproximationmethod. This analysisdefinesthe interferenceermsconditioned
on the particularoperatingconditionof eachuser Whenthis is done, is definedasthe conditioned
varianceof themultiple accessnterferencdor a specificoperatingcondition[3]:

Y =wvar (I|{er},{m},{P:},B) (3.48)
hencethe conditionalvarianceof the MAI is itself arandomvariable;in this way, the SIR becomes
PyT?

2
A similar expressionwasderivedin (3.5), with the fundamentatifferencethat (3.5) evaluatedthe SIR
assuminghe averagevalueof the varianceof the multiple accessnterferencaerm. On the otherhand,

if thedistribution f (1) of v is known, the SIR andthe BER canbe foundby averagingoverall possible
valuesof ¢, asit canbeseenin (3.50)and(3.51):

SIR|, =

(3.49)

00 2

STRiga = /0 d¢P§%f<w> (3.50)
e’} 2

BBRica = | de< P;f?) 1) (351)

It hasbeendemonstratethat,if thedistribution of theinterferingpowerlevelsis knowvn, ananalytical
expressionfor f(v) canbe found[3], [15]. Moreover, in caseof perfectpower control, the technique
shavnin (3.50)and(3.51)yieldsto accurateesultsfor avery smallnumberof interferingusergd9]. Note
thatthis approactcould betheoreticallyextendedto all the equationgpresentedn section3.1, provided
thatanexpressiorfor f(v) is availablein thosecases.

3.3 Simplified Expressionof the Impr ovement GaussianApproximation
(SEIGA)

The expressiongitedin the section3.2 arecomplicatedandrequiredsignificantcomputationatime to
evaluate. Holtzman[6] presentsa simplified techniquefor evaluating(3.50) and (3.51), that hasbeen
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extendedby Liberti [14] in the caseof imperfectpower control,and by SunayandMcLane[4] in the
caseof frequeng non-selectie fadingchannel.

The simplified SIR andBER expressionsarebasedon the factthatif g(z) is a continuousfunction
andz is arandomvariablewith meanvaluey,. andvariances2, thentheaveragevalueE {g(z)} canbe
expressedy makinguseof the Taylor's expansionas[11]:

B {g(a)} = glua +2) + 50307 (ua) + .. 352)

Furthercomputationabavings canbe obtainedby expandingin differencegatherthanderivatives,
sothat

oz 9(pa + h) = 29(pz) + g(pe — h) (3.53)

E{g(x)} gg(ﬂx)'i'? B2

Choosingh = v/30,, (3.53)becomeg6]
E{g(z)} = %9 (pa) + ég (ux + x/??ox) + %g (um - \/§om) : (3.54)

Using this approximation|n the caseof interference-limiteccase the expressionof SIR andBER
are:

2 RT? 1 PyT? L1 PyT?
3 2py 62 (uy+v3oy) 62 (uy — V3oy)

PyT? 1 PyT?
Q( 2%)*6@%(%%%))*

PyT?
0 W_ - ﬁ%)) (356)

where ., is the meanvalue of the varianceof the multiple accessnterferencey, conditionedon a
specificsetof operatingconditions,andai is thevarianceof 1.

In absencef fading,if thereceved power levelsfrom the K,, — 1 interferingusersareidentically
distributedwith mean, andvarianceaf,, the meanandvarianceof ) aregivenby [3]:

(3.55)

SIRspiga =

BERsgiga =

Wl N

S =

TG
y =~ (Ku=1uy (3.57)
T4
oy = (Ky— DZC : (3.58)
7G? 4+ 2G, — 2 23G? 1 K,—2 1 K,—2
p p 2 p U U 2
_p "7P = G | = =
40 %t ( 360 7 (20 LT ) 20 36 M

Notethatequation(3.56)is valid only for

By > \/?_)aw (3.59)
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to ensurethatthedenominatoof thethird termis positive. This leadsto the following requirement

a_g . 10K, (4G2 — 3Gy + 3) — (109G — 6G, + 6) (3.60)

u2 27(7G2 + 2Gp — 2) ' '
P V4 p

In the casewherenoisetermis significant,the SIR andBER aregivenby
SIR o2 PyT? 1 PyT?
SEIGA — 5 7 N\ -
32 (g + BoB) 62y + V3o + 2T
1 PyT?
+2 b — (3.61)
2 (Mw —Vioy + %)
BERsgraa = gQ PO—TI? +1Q POsz
3 9 NoT, 6 9 \/_ NoT,
1 PyT?
5 Q b — (3.62)
\ 2 (10 = V3o + 258)
In this casethe conditionrequiredfor ag, given,, is
2 22
o (10K, (4G3 — 3G, + 3) — (109G2 — 6G), + 6)) 2 + “ee™® 1 Z20C,
P 27(7G2 + 2G, — 2) ’
(3.63)

Whena frequeng non-selectie fading channelis consideredthe expressionof SIR and BER are
givenby [4]

2 PTEad 1 Ry} o
SIRsEIGAl{ay} 3 5 NoTh, 6 V3 NoTh,
uw =+ 4 2 ,U/r(p + 30'r¢y + 4
1 PT2 2
L1 04p (3.64)
6 2(u¢—\/§aw+%>
L 2 PyT20} ! oy e
BERsgrcal{a,y = §Q —bNOT +EQ - foT,
\2(u¢+—h(i ) 2(“’/’+\/§%+%)
! o Fag — (3.65)
\\ 2 (/W, — \/?_)Uw + %)
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where,in caseof perfectpower control,the meanandthe varianceof 1) are

T2P0 Ky—1
ol = > ot @56)
T4 p2 23G2 +18G, —18 !
2
Toltayy =~ Z o+
. 1 Ky,—1 Ku—1
k=1 i=1 £k

In orderto find the averageSIR andBER for this case expressiong3.64)and(3.65) have to be further
averagedover thedistribution of the pathgains{ay} .
Notethatequation(3.65)is only valid for

NoTi
21 b4 %T2(Ku —1)Py > V3oy, (3.68)

to ensurehattheterminsidethe square-roobperatorat the denominatoof the third termis positive.
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Chapter 4

Numerical results

In this chaptettheresultsof a setof numericakestsobtainedhroughtheimplementatiorof theequations
of the previous chapterare presented We considerdifferentscenariosithe casesof a channelwith or
without fadingandthe casesof perfector imperfectpower control. The received power of the desired
signalis normalizedto 1. In all the simulationsthe chip rate R, is equalto 3.84 Mbit/s, the Signal-to-
NoiseRatio £, /Ny = 10 dB andthe processingainG,, is choseramongthesevalues:10, 64, 256. In
theappendixA thereareothernumericalresultswith differentvaluesof R, G), and E}, /Np.

4.1 Channelwithout fading

4.1.1 Perfect power control

Thefirst casewe considelis asystemfor whichthe power controlis perfectandthe propagatiorchannel
is modeledwithout fading. In this caseof SGA approximatiorwe usethe equationg3.11)and(3.12),
for interferencdimited case(ilc), (3.9) and(3.10)for non-interferencdéimited case(nilc). In this caseof
SEIGA approximationwe usethe equationg3.55)and(3.56),for interferencdimited case,(3.61)and
(3.62)for non-interferencéimited case.To obtainperfectpower control, we sety,=1 (3.57) andagzo
(3.58).

In the following figuresthe SIR andthe BER areplotted:in Fig. 4.1G, = 10, in Fig. 4.2G,, = 64
andin Fig. 4.3G, = 256. We canobsere, as expected,that the BER becomessignificantly lower
increasings).
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Figure4.1: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; G;, = 10.
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SIR - Perfect power control
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Figure4.2: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; G, = 64.
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SIR - Perfect power control
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Figure4.3: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; G, = 256.
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4.1.2 Imperfect power control

In this sectionwe analyzethe effect of imperfectpower controlon the performancef acellularCDMA,

over achanneimodeledwithoutfading. Whenthe power controlis imperfect thetransmittecamplitude
Ay, of the kth useris a randomvariable. We considera uniform distribution of the amplitude(3.27),
where Ay is the meanvalueandV is the maximumvariationrangeof the receved signal. With this
assumptionthe distribution of thepower P = A?/2 is [16]

_ 1 (A4 —V)? (Ag+V)?
fp(p)_\/Z_pZV 5 <p< 5 (4.1)
Sowe obtain
Ag+ V)3 — (4 V)3
fp = ( 0 )12V( 0 ) (4_2)
Ag+ V)P — (Ag - V)?
o2 = (40 )40V( 0= V) — 2 (4.3)

For the SGA approximationwve useequationq3.32) and(3.33). For SEIGA approximationwve use
equationg3.61) and(3.62), puttingin (3.57) and(3.58) the valuesof 1, andaf, obtainedin (4.2) and
(4.3).

In the following figuresthe SIR andthe BER areplotted:in Fig. 4.4G, = 10, in Fig. 4.5G, = 64
andin Fig. 4.6 G;, = 256. For referenceve consideithe sameanalysiswith perfectpower control (ppc,
solid line with circle). Definingk = V/ Ay, in solidline £ = 0.5, in dash-dotine k = 0.8.

We canobsere, asexpected thatthe BER is significantlylower increasingG,. In all the analysis
the performancef the systemdegradesespecto the caseof perfectpower control.
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Figure4.4: SIR (a) andBER (b) over anon-fadingchannelwith imperfectpower control(ipc); G, = 10;
k=0.5in solid line; k=0.8in dash-dotine
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Figure4.6: SIR (a) andBER (b) over a non-fading channelwith imperfectpower control (ipc); G, =
256; k=0.5in solid line; k=0.8in dash-dotine
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4.1.3 Absenceof power control

Whenthe basestationdoesnot implementthe power control, a nearfar effect arisesandthe system
performancesignificantlydegrade,asit canbe seenin figures4.7,4.8and4.9. Thecurvesareobtained
for differentvaluesof G, by implementingformulas(3.9)-(3.10)for SGA methodwith perfectpower
control, formulas(3.32)-(3.33)for SGA methodwith imperfectpower control, formulas(3.45)-(3.46)
for SGA methodwith no power control, finally formulas(3.61)-(3.62¥or SEIGA methodin thecaseof
imperfectandabsenpower control, by meansof (3.57)-(3.58)or i, andai. In theselastexpressions,
the valuesof p,, ando—g areevaluatedby meansof (4.2)-(4.3)in caseof imperfectpower control, while
in caseof no pawer control,recallingthat P = A2/2, it is easyto obtain:

2 f T AR - -1

A2\? Al
2 _ A ) _ 0 2(1-n) _ p2(1-n)| _ , 2
ap,apc E { ( 2 ) } Hp,apc 4(R% _ ,rg)(n _ 1) |:TO RC ] /’Lp,apc'

(4.5)

A? A
maw = B{ | = s e R @4

Thefigureshave beenobtainedby settingthe pathlossexponentn = 4, thecell radiusR,. = 3 km,
andtheminimumdistancebetweertransmittingandreceving antennag, = 20 m.

It mustbe notedthatthe SEIGA approximationfor the BER cannotbe calculated becausene of
thetermsunderthe squaredoot resultsalwaysnegative. However, oneof the fundamentahypotheses
underwhich the SEIGA approximationis developed,is that the systemdoesperfectlyimplementthe
power control: thisis evidently not our case.Thereforeit is concevablethatin absencef power control
notonly the SEIGA approximatiorwould lack in precision but evenits computatiorresultsimpossible.

32



SIR [dB]

20 T T T
—©- SGA-ppc
—&- SGA-ipc
—+— SGA-apc
151 —*— SEIGA-ipc
—— SEIGA-apc
10
5l
ok
51
—101
-15 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Number of users a
o BER
10 T T T
107k g
-6~ SGA-ppc
—8- SGA-ipc
2 —— SGA-apc
10 F —— SEIGA-ipc |3
10°E
107E
10°E
10°E
107k
10’8 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Number of users b

Figure4.7: SIR (a) andBER (b) for G, = 256, over anon-fadingchannelwith perfect(ppc),imperfect
(ipc) andabsenpower control (apc).
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Figure4.8: SIR (a) andBER (b) for G}, = 64, over a non-fadingchannewith perfect(ppc),imperfect
(ipc) andabsenpower control (apc).
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Figure4.9: SIR (a) andBER (b) for G, = 10, over a non-fadingchannebwith perfect(ppc),imperfect
(ipc) andabsenpower control (apc).
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Distribution of Rayleigh random variable
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Figure4.10: Distribution histogramof the variableusedto modelthefading. In solid line the analytical
Rayleighdistribution.

4.2 Channelwith fading

In this sectionwe analyzethe behaior of the systemwhenthefadingis modeledasa Rayleighrandom
variablewith variances?.

4.2.1 Perfect power control

First we considerthe caseof perfectpower control. For SGA approximationwe usetwo techniques
throughthe equations(3.19) - (3.20) and (3.13) - (3.14) respectiely, assumingP, = P, for k =
gy Koy
In thefirst way, the fadingprocesswhich independenthaffectsall the usersis describedhy means

of its variances? only (3.19,3.20).

Inthesecondechniqug3.13,3.14),theindependentadingprocessearenotaveragedyet. To obtain
the averageSIR andaverageBER we usean intuitive montecarlomethod: we repeatmary realization
with differentsetof variableswith Rayleighdistribution andat lastwe averagethe result. The obtained
resultis an empiricalestimateof the statisticalapproach.The figure 4.10is an histogramof the values
ay, of theusedvariable:the envelopeis very similar to a Rayleighdistribution (solid line).

For SEIGA approximationwe useequationg3.64)and(3.65) by meansof (3.66),(3.67). Also in
this casethe averagevalueis obtainedasa resultof mary simulations.

In Fig. 4.11,4.12and4.13theaverageSIR andaverageBER areplotted,respectiely with G, = 10,
G, = 64 andG, = 256. In thisanalysiss? = 1. Thefirst SGA analysisis in solid line with circles,the
secondSGA analysisis in solid line with stars.To comparehetwo techniquesin (3.19)and(3.20)the
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numberof interferingcellsis equalto 0 andthe numberof multipathsis equalto 1: we canobsere that
thetwo resultsarevery similar.

In all the casesve have areally higherBER respecto the casewithout fading.

Using equations(3.19) and (3.20), we analyzethe performanceof the systemin presenceof M
multipathsandconsideringdifferentnumberof interferingcells, throughSGA approximation In figure
4.14theperformanc®f acornventionalcorrelationrecever areshovn for asystemwith G, = 64, M = 4
ando? = 1.

Usingequationg3.21)and(3.22),we analyzethe caseof a RAKE recever. To obtaintheresultswe
numericallyaveragedthe SIR and BER over the distribution of the randomvariablex (3.23). For the
BER, theintegrationis madewith the MATLAB-NAG routinedOlamf. In figure 4.15the performance
of an M-finger RAKE recever areshawvn, for a systemwith G, = 64, 0> = 1, M = 4. Of course,
we canobsene thatusinga RAKE recever the performancef thesystemarebetterthanacorventional
correlationrecever.
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Figure4.11:SIR (a) andBER (b) over afadingchannewith perfectpower control; G, = 10.
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Figure4.12:SIR (a) andBER (b) over afadingchannewith perfectpower control; G, = 64.
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Figure4.13:SIR (a) andBER (b) over afadingchannewith perfectpower control; G, = 256.

40



SIR - Conventional Correlation Receiver
10 T T T T

bt o

- 1 1 1 1 1 1 1 1
45 10 15 20 25 30 35 40 45 50
Number of users a
o BER - Conventional Correlation Receiver
10 T T T T T
-©- N=1
—— N=2
—=- N=6

10’ L L 1 1 1
5 10 15 20 25 30 35 40 45 50
Number of users b

Figure4.14: SIR (a) andBER (b) over a fadingchannebwith perfectpower control,asa function of the
numberof interferingcellsN. Corventionalcorrelationrecever, G, = 64, numberof multipathM = 4.
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SIR - RAKE receiver
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Figure4.15: SIR (a) andBER (b) over a fadingchannebwith perfectpower control,asa function of the
numberof interferingcellsN. RAKE recever, G, = 64, numberof multipathM = 4.
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4.2.2 Imperfect power control

In the analysisof a systemover fading channelwith imperfectpower control, we considerthe SGA

approximatiorthroughthe equationg3.28)and(3.29)for a corventionalcorrelationrecever, equations
(3.30)and(3.31)for aRAKE recever. In bothcasesve considettheinterferenceof multipathsandusers
of othercells. Theimperfectpower controlis modeledasa uniform distribution of the amplitudeof the

recevedsignal(3.27),wherek = V/Ay. In figure4.16we considera corventionalcorrelationrecever

andG, = 64, M = 4, o? = 1, asafunction of the numberof interferingcells. Therearetwo caseof

imperfectpower control: k = 0.5 in solidline; £ = 0.8 in dash-dotine. In figure4.17thereis thesame
analysiswith a RAKE recever. The performanceof a RAKE recever are betterthana corventional
correlationrecever, and,in both casesthe behaior is asworseasmoreimperfectis the power control

(i.e. ask increases).

43



SIR - Conventional Correlation Receiver
10 T T T T

bt o

dB

-5 I ! I I
5 10 15 20 25 30 35 40 45 50

Number of users a

BER - Conventional Correlation Receiver
T T T T

bto

1 1
5 10 15 20 25 30 35 40 45 50
Number of users b

Figure4.16: SIR (a) and BER (b) over a fading channelwith imperfectpower control, asa function
of the numberof interferingcellsN; ¢2 = 1, Gp = 64, numberof multipathsM = 4. Corventional
correlationrecever; k = 0.5 in solidline; k¥ = 0.8 in dash-dotine.
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Figure4.17: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control, asa function of

the numberof interferingcellsN; o2 = 1, Gp = 64, numberof multipathsM = 4. RAKE recever,
k = 0.5 in solidline; k = 0.8 in dash-dotine.
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4.2.3 Absencepower control

A comparisonof the systemperformanceover a 4-multipathchannelwith perfect,imperfectand no
power controlandvariableprocessingyainis shavn in figures4.18,4.19and4.20,for conventionaland
RAKE receversand SGA approximationsTheimplementedormulasfor the caseof no power control
are (3.43) and (3.44). As expected,in absenceof power control the performancesererely degrade;
however, in this casethe Gaussiarapproximatiorcould provide very impreciseestimates.

The figureshave beenobtainedby setting: o2 = 1 for the Rayleighfading, M = 4 multipath
rays, k = 0.5 for the imperfectpower control, pathloss exponentn = 4 whenno power control is
implementedcell radius R, = 3 km, minimum distancebetweentransmittingandreceving antennas
ro = 20 m, numberof interferingcells N, = 6.
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Figure4.18: SIR (a) and BER (b) for G;, = 256, over a fading channelwith perfect(ppc), imperfect
(ipc) andno power control (apc),with conventionalandRAKE recever (R).

47



SIR [dB]
20 T T

-5+

-10+

—15F

1
0 5 10 15 20 25 30 35 40 45 50
Number of users a

BER

107k i
- ppc 3
—+— ipc
—<— apc 1
107k 4

10 'k 3
-5

10 'k 3

10 'k 3

10 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Number of users b

Figure4.19:SIR (a) andBER (b) for G, = 64, over afadingchannewith perfect(ppc),imperfect(ipc)
andno power control(apc),with cornventionalandRAKE recever (R).
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Figure4.20: SIR (a) andBER (b) for G, = 10, over afadingchannewith perfect(ppc),imperfect(ipc)
andno power control(apc),with cornventionalandRAKE recever (R).
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Chapter 5

Conclusions

Theproblemof describingheinterferencegyeneratethy anumberof co-channeindependergourcesn a
synchronousr asynchronoubS-CDMA systernis madea comple taskby theinherentunpredictability
of the wirelesscommunicatiorscenario. The Gaussiamapproximation,by meanof the CentralLimit
Theoremtheory leadsto a fundamentakimplification of the problemformulation, thus allowing an
analyticaldevelopmentandavery computationallyefficient solutionfor thesystenperformancestimate
in termsof SIR andBER, basednthestatisticaldescriptiorof all thechanneimpairmentsin thisway,
tediousandcost-ineficient simulationscanbe avoided.

Severalimprovementhave beernproposedor thestandardnethod(IGA, SEIGA), thatslightly better
behae in caseof reducednumberof interferersand/orimperfectpower control. In fact, in literature
SGA methodsshaved inaccurateand optimistic resultswith respecto simulations,in termsof BER;
our resultsconfirmthatin all casesSEIGA methodsachieze higherBER levels, in particularfor a few
interferersandimperfectpower control. However, the applicationof SEIGA expressionss limited by
somenumericalconstraintsyhich madethe useof this methodcritical for somesituations.

As far asthe SIR is concernedfor the bestof our knowledgeliterature doesnot presentresults
comparingdifferent Gaussiarmethodappliedto the SIR evaluation. Out developmentsexperienced
slightly higherSIR level estimatedor all the SEIGA expressions.

It mustbenotedthatboththe SGA anSEIGA expressionsve developedfor the caseof absenpower
control areborderlinecases:sincethe power levels at the recever canbe very different, the Gaussian
hypothesigrom the CentalLimit Theoremcanbevery hardlyaccountedor in thatcase.

Althoughthe Gaussiarmypothesisouldappeaia strainedoperationfor somesituationg(for real sit-
uationg, it seemdhowever the uniquepractical,very flexible andvery computationallyefficient method
thathasbeenprovidedin orderto give anestimateof theinterferenceeffectsin DS-CDMA systems.
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Appendix A

Other numerical results

In thisappendixhereis a collectionof othernumericalresults similar to the simulationsof chapter. In
theseanalysisR;, = 9600 bit/s, £, /Ny = 20 dB andG,, is equalto 32 or 128. Mary differentscenarios
areconsideredchannelwith or withoutfading;perfect,imperfector absencef power control.

Channelwithout fading and Perfect power control

In figureA.1 the SIRandthe BER areplotted; G, = 32.
In figure A.2 thereis the sameanalysiswith G, = 128. We canobsere, asexpectedthatthe BER
is significantlylower thanin the previous case.

Channelwithout fading and Imperfect power control

In figure A.3 the SIR andthe BER areplotted;in this analysisG, = 32. For referenceve considerthe
sameanalysiswith perfectpower control (ppc, solid line with circle). Definingk = V/ Ay, in solid line
k = 0.1, in dash-dotine k = 0.5.

In figure A.4 thereis the sameanalysiswith G, = 128. We canobsere, asexpectedthatthe BER
is significantlylower thanthe previouscase.

In bothanalysighe performancef the systemdegradesespecto thecaseof perfectpower control.

Channelwithout fading and Absenceof power control

FigureA.5 hasbeenobtainedby settingthefollowing systemparametersG,, = 128, pathlossexponent
n = 4, cellradiusR,. = 3 km, minimum distancebetweertransmittingandreceving antennas, = 20
m.

Channelwith fading and Perfect power control

In figure A.6 the averageSIR andaverageBER areplotted. In this analysisG, = 32 ando? = 1. The
first SGA analysisis in solid line with circles,the secondSGA analysisis in solid line with stars. To
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FigureA.1: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; G, = 32.

comparethe two techniquesin (3.19) and (3.20) the numberof interferingcells is equalto 0 andthe
numberof multipathsis equalto 1: we canobsenre thatthetwo resultsarevery similar.
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FigureA.2: SIR (a)andBER (b) over anon-fadingchannelwith perfectpower control; G, = 128.

In figure A.7 thereis the sameanalysiswith G, = 128.
In bothcaseave have areally higherBER respecto the casewithoutfading.
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In figure A.8 the performanceof a corventional correlationrecever are shovn for a systemwith
Gp =128, M = 4 ando? = 1.

In figureA.9 theperformancef an M -fingerRAKE receverareshavn, for asystenwith G, = 128,
02 =1, M = 4. Of coursewe canobsere thatusinga RAKE recever the performanceof the system
arebetterthana corventionalcorrelationrecever.

Channelwith fading and Imperfect power control

In figure A.10 we considera corventionalcorrelationrecever andG, = 128, M = 4, 0? =1, asa
function of the numberof interferingcells. Therearetwo casef imperfectpower control: £ = 0.5 in

solidline; k = 0.8 in dash-dotine. In figure A.11 thereis the sameanalysiswith a RAKE recever. The
performanceof a RAKE recever arebetterthana corventionalcorrelationrecever, and,in both cases,
thebehaior is asworseasmoreimperfectis thepower control(i.e. ask increases).

Channelwith fading and Absencepower control

A comparisonof the systemperformanceover a 4-multipathchannelwith perfect,imperfectand no

power controlis shavn in figure A.12, for conventionalandRAKE receversandSGA approximations.
Thefigure hasbeenobtainedby settingthe following systemparametersG, = 128, 0% = 1, M = 4,

k = 0.5, pathlossexponentn = 4, cell radiusR, = 3 km, minimumdistancebetweertransmittingand

receving antennasg, = 20 m, numberof interferingcells N, = 6.
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FigureA.3: SIR (a) andBER (b) overanon-fadingchanneWith imperfectpowver control(ipc); G, = 32;
k=0.1in solid line; k=0.5in dash-dotine
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FigureA.4: SIR (a) andBER (b) over a non-adingchannelwith imperfectpower control(ipc); G, =
128; k=0.1in solid line; k=0.5in dash-dotine
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FigureA.5: SIR (a)andBER (b) overanon-fadingchannelith perfect(ppc),imperfect(ipc) andabsent
power control(apc); G, = 128.
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FigureA.6: SIR (a)andBER (b) over afadingchannelwith perfectpower control; G, = 32.
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FigureA.7: SIR (a) andBER (b) over afadingchannelwith perfectpower control; G, = 128.
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Figure A.8: SIR (a) andBER (b) over a fading channelwith perfectpower control, as a function of
the numberof interferingcells N. Corventionalcorrelationrecever, G, = 128, numberof multipath

M =4.
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FigureA.9: SIR (a) andBER (b) over afadingchannelwith perfectpower control,asa functionof the
numberof interferingcellsN. RAKE recever, G;, = 128, numberof multipath M = 4.
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Figure A.10: SIR (a) andBER (b) over a fading channelwith imperfectpower control, asa function
of the numberof interferingcellsN; ¢ = 1, G, = 128, numberof multipathM = 4. Corventional
correlationrecever; k = 0.5 in solidline; k¥ = 0.8 in dash-dotine.
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FigureA.11: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control,asa function of
the numberof interferingcellsN; o2 = 1, Gp = 128, numberof multipath M = 4. RAKE recever,
k = 0.5 in solidline; k = 0.8 in dash-dotine.
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FigureA.12: SIR (a) andBER (b) overafadingchannelith perfect(ppc),imperfect(ipc) andno powver
control(apc),with corventionalandRAKE recever (R); G, = 128.
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