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Chapter 1

Intr oduction

CodeDivisionMultiple Access(CDMA) is awell-known radiocommunicationtechniqueto allow mul-
tiple usersto sharethesamespectrumsimultaneously. In CDMA, usersaremultiplexedby distinctcodes
ratherthanby orthogonalfrequency bandsor by orthogonaltimeslots[1]. Direct-Sequence(DS)CDMA
is themostpopularof CDMA techniques.TheDS-CDMA transmittermultiplieseachuser’s signalby a
distinctcodewaveform.Thedetectorreceivesasignalcomposedof thesumof all users’signals,which
overlapin timeandfrequency. In aconventionalDS-CDMA system,aparticularuser’ssignalis detected
by correlatingtheentirereceived signalwith thatuser’s codewaveform. Multiple AccessInterference
(MAI) is a factorwhich limits thecapacityandperformanceof DS-CDMA systems.MAI refersto the
interferencebetweendirect-sequenceusers.This interferenceis theresultof therandomtimeoffsetsbe-
tweensignals,which make it impossibleto designcodewaveformsto becompletelyorthogonal.While
theMAI causedby any oneuseris generallysmall,asthenumberof interferersor theirpower increases,
MAI becomessubstantial.Therefore,any analysisof performanceof a CDMA systemhasto take into
accountthe amountof multiple-accessinterferenceandits effectson the parametersthat measurethe
performance,in particularthe signal-to-interference-and-noise ratio at the receiver and the relatedbit
errorprobabilityon theinformationbit stream.

However, a deterministicdescriptionof theMAI is impossibleto give,sincethephenomenonis due
to theasynchronousnatureof themultiple accesstechniqueandto thepropagationconditionsencoun-
teredby signalsemittedby differentand distantsources.Thus, in systemperformanceanalysis,the
presenceof MAI mustbetaken into accountby meansof a properstatisticaldescription.This solution
is very attractive, becauseof the significantsaving in computationalburdenthat it allows in simula-
tions;however, it canbealsothemostcritical, becauseof thedifficulty in determiningasatisfactoryand
computationallyefficient statisticalmodelof theoverall system.

In this report,we aim to analyzea setof solutionsproposedin several works for the problemof
thestatisticaldescriptionof theMAI in theup-link (users-to-basestationlink) of a DS-CDMA cellular
system.Thegoalof our analysisis to highlight thebenefitsandlimitationsyieldedby theuseof those
solutions,essentiallyby comparingthemin differentworkingconditions.It is worthto noticehenceforth
thatthemostpopularapproachis theGaussianApproximationmethod[6] andits variants.

Thework isorganizedasfollows: in Chapter2weprovideamathematicalmodelof thecompleteDS-
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CDMA system,in Chapter3 several analyticalmethodsfor the performanceestimationaredescribed;
Chapter4 containsthenumericalresultsobtainedfrom a MATLAB implementationof thosemethods;
finally Chapter5 providestheconclusions.
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Chapter 2

Systemmodel

In this sectionwe provide amathematicaldescriptionof anasynchronousDS-CDMA system.We focus
on the up-link (or reverselink), that is the communicationlink from the user’s terminalsto the base
station.We considerthepossiblepresenceof flat or frequency-selective fadingandtheorganizationof
the systemin a cellular structure.We describethe signaltransmittedby eachindependentsource,the
channelmodels,the received signaland the decisionstatistic,in order to introducethe techniquesof
analysispresentedin thenext chapter[4, 7].

2.1 Transmitted signal

Let usassumethat thereare
���

independentuserstransmittingsignalsin theDS CDMA system.Each
of themtransmitsasignalin theform:�����	��

��� �����������	�������� 
������	�
������ 
��! #"$�	%'&(�*),+-�-
 (2.1)

where ��� is the power of the transmittedsignal, %'& is the commoncarrier frequency, +-� is a phase
offset, �����	�.
 and �/���	�.
 arethedataandspreadingsignalsrespectively and � �� is a randomtransmission
delaycalculatedwith respectto areferencetransmittedsignal,accountingfor thelackof synchronization
amongtheusers.

Thedatasignal ���/�	��
 is a sequenceof unit amplituderectangularpulsesof duration 021 andphase0
or 3 radwith equalprobability. Eachpulserepresentsaninformationbit for user4 . Thespreadingsignal���/�	��
 is asequenceof unit amplituderectangularpulses(chips)of duration0 & andphase0 or 3 radwith
equalprobability. Thereare 576 chipsperbit andthus 586 � 091;:�0 & is theprocessinggainfor user 4 .
2.2 Channelmodel

The 4 -th sourcesignal is transmittedthrougha channel< ���	�.
 which canbe representedby meansof
threefundamentalmodels:
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Additi ve White GaussianNoise(AWGN) channel,which simply addsa white randomprocess= �	��

to thedelayedtransmittedsignal;

flat fading channel,whichintroducesarandompathgainmultiplicative factor, generallymodelledwith
Rayleighdistribution;

fr equency-selective fading channel,which generatesthemultipathphenomenon,that is a numberof
replicasof thesourcesignalcharacterizedby their own delays,phaserotationsandRayleighdis-
tributedamplitudes.

Thelow-passequivalentimpulseresponseof thesemodelscanbewritten in theform:

< ���	�.
>� ?@BA,C;DFE$G-H �	�
�I� � �� 
KJ for AWGNL'� C DFE$G H �	�M�I� � �� 
KJ for flat fadingNPO GQ G!R9S L'�$T Q G C DUE$G;V W G H �	�
�I� � ��$T Q G 
KJ for frequency-selective fading
(2.2)

where X �/J X ��T Q G and � � �� J�� � ��$T Q G arethe phasesandtime delaysintroducedby the channel;they canbe
assumedto berandomvariablesuniformly distributedin Y Z J;� 3 
 and Y Z J 0 Q\[;]_^ respectively, where0 Q`[�]
is themaximumdelayatwhichtherecanbeamultipathray. a � is thenumberof multipathsgeneratedby
thefrequency-selective channelfor the 4 -th transmittedsignal. L'�/J;Lb�$T Q G arethepathgaincomponents
with Rayleighdistribution: c�d �eL�
>� Lf2gd C!h�i�j � L gf2gdlknm (2.3)

2.3 Receivedsignal

In amobileradioCDMA system,thesignalsfrom many usersarriveattheinputof thereceiver. Thus,the
receivedsignalcontainsboththedesireduser’s signaland

�o� ��p undesiredusers’signalsaswell asthe
channelnoise. In caseof frequency-selective fadingchannels,therearealsothemultipathcomponents
of boththedesiredandinterferingusers.Thus,thetotal receivedsignalcanbewritten as:q��	��
M�Pr�s-tvuw� R9S

O G tvuwQ G R9S � ���'�_L'�$T Q G �����	�����x��T Q G 
������	�
�I�x�$T Q G 
��! #"-�	% & �*) X �$T Q G 
�) = �	��
 (2.4)

where = �	��
 is the AWGN with two-sidedpower density y S : � . Note that the valueof +-� is included
hereinto thedefinitionof X �$T Q G , while thevaluesof � �� and � � ��$T Q G areincludedin �x�$T Q G . Without lossif
generality, assumethatthesignalfrom user0 is thesignalof interest.

A correlation receiver is typically usedto filter the desireduser’s signal form all othersusers’
signalswhich sharethe samebandwidthat thesametime. For this purposethe received signal qz�	�.
 is
mixeddown to baseband,multipliedby thespreadingsequenceassociatedto thedesireduser( � S �	��
 ) and
integratedover onebit period. This sequenceof operationsis calleddespreading. Thus,assumingthat
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thereceiver is delayandphasesynchronizedwith themainmultipathcomponentof thesignalof interest,
thebit decisionstatisticfor thatuserwithin thebit interval Y {n021 J�� { )|p�
 021 
 is givenby [4, 7]:} S � { 
~� ��� Q7� u.���$�Q �-� qz�	�.
�� S �	����� S T S 
��! #"��	%'&���
��#�>�� � S � { 
(L S T S#� � S� 091 )�r s tvuw� R9S

O G tvuw� Q G R9S T Q\���R9S��;� �$T Q G )�� (2.5)

where� S � { 
 is the { -th transmittedbit from thesource0,�o� � � Q7� u.���$�Q �$� = �	�.
�� S �	����� S T S 
��! #"-�	% & ��
��#� (2.6)

is a zero-meanGaussianrandomvariablewith variancef g� � y S 021.:$� (thermalnoisecomponent)and
thesummation

� � r s tvuw� R9S
O G tvuw� Q G R9S T Q`���R9S��;� �$T Q G � (2.7)

� r�s�tvuw� R9S
O G tvuw� Q G R9S T Q`���R9S�� � � Q7� u.���$�Q �$� Lb�$T Q G �$�/�	���I�x�$T Q G 
 C DFE$G;V W G � S �	�
�I� S T S 
��! #"-�	%'&(��
��#�

representsthe contribution of MAI to the decisionstatistic. It is worth to notice that the MAI term
includes:

- all themultipathcomponentsrelativeto thedesiredused:� S T u mxmxm � S T O � tvu , while the � Z J Z 
 -component
is thedirectray;

- all the direct andmultipathcomponentsrelative to the interferingusers: � ��T S mxmxm � �$T O�� tvu for all4 ��p�J;� mxmxm �o� ��p .
Thus,thedecisionstatisticdefinedin (2.5)canbere-writtenas:} S � { 
>�|� S � { 
*) � )���J (2.8)

where� S � { 
 is thedesiredsignalcomponent(first termin (2.5)), � is theMAI (2.7)and � is theAWGN
term(2.6).

In caseof cellular networks, it is worth to decomposethe MAI term into two distinct contributes:� � ��� ) �x� , where ��� is the interferingsignaldueto userswithin the samecell of the desireduser
(own-cellinterference) and �x� is the interferingsignaldueto thepresenceof active usersin othercells
surroundingthecell of interest(inter-cell interference). Hence:} S � { 

�|� S � { 
b) � � ) � � )���J (2.9)
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It is conceivableto supposethat ��� and �x� arestatisticallyindependent.
A statisticaldescriptionfor expression(2.7) can be found in [3], [12], [4], wherethe term � is

re-writtenasa functionof thesetsof parameters�-X �$T Q G#� J � �x�$T Q G_� J � ��� � J � L'�$T Q G#� andof the integer
randomvariable � that representsthenumberof chip boundariesin thedesiredsignalat which a tran-
sition to a differentvalueoccurs. However, the commonway to proceedwith the analysisdisregards
thecompleteexpressionof thedistribution of � , by introducinginsteadtheGaussianApproximation:
whenthenumber

� �
of usersis large,theinterferingterm � (andseparatelytheterms� � and � � ) canbe

approximatedby aGaussianrandomvariablewith zeromeanandvariancewhich is thesumof thevari-
ancesof thevariablesin thesummation(CentralLimit Theorem,[10], [11]). As it will bedemonstrated
in thechapter3, thisapproximationgreatlysimplify theMAI analysis.

However, theGaussianapproximation— even for a large numberof interferingsignals— is valid
only if nosingleuseror groupof usersdominatesthetotalMAI; otherwise,theGaussianmodelfails [4],
[5].

In caseof multipathchannel,abenefitfrom thepresenceof multipathsthatarrivewith adelaylonger
thatonechipperiod(uncorrelatedmultipaths) canbeobtained,by usinga RAKE receiver.

A RAKE receiver consistsof abankof correlators,namedfingers,eachreceiving amultipathsignal.
TheRAKE receiver hasa receiver finger for eachresolvablemultipathcomponent.In eachfinger, the
receivedsignalis correlatedby thespreadingcode,which is time-alignedwith thedelayof themultipath
signal. After despreading,thesignalsareweightedandcombined:whenthemaximalratio combining
principle is adopted,eachsignalis weightedby its own pathgain (attenuationfactor)[2]. In this case,
theusefultermin (2.8)becomes[7]: � S � { 
M� � � S� 021 O � tvuwQ`� R9S L S T Q\� (2.10)

recalling that a S indicatesthe numberof multipath rays relative to the useful signal, received with
amplitude� � S L S T Q � J�  { S ��p�J mxmxm a S ��p .
2.4 Near-far effectand power control

Thepower controlproblemarisesbecauseof themultiple accessinterference.Dueto propagation,the
signalreceived by the basestationfrom a userterminalcloseto the basestationwill be strongerthan
thesignalreceived from anotherterminallocatedat thecell boundary. Hence,thedistantuserswill be
dominatedby the closeuser. This is calledthenear-far effect. To achieve a considerablecapacity, all
signals,irrespective of distance,shouldarrive at thebasestationwith thesamemeanpower. A solution
to this problemis power control, which attemptsto achieve a constantreceived meanpower for each
user. Therefore,theperformanceof thetransmitterpowercontrol is oneof theseveraldependentfactors
whendecidingon thecapacityof a DS-CDMA system.In down-link thepower control is alsorequired,
in orderto minimizetheinterferenceto othercellsandto compensateagainsttheinterferencefrom other
cells,but it is lesscritical for theperformance.
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2.5 Signal-to-Interferenceratio

In any multiple accesssystem,oneof the fundamentaldesignparametersis the Signal-to-Interference
ratio(SIR)at thereceiver, whichmeasurestheratiobetweentheusefulpowerandtheamountof interfer-
encegeneratedby all theothersourcessharingthesameresource.Recallingexpressions(2.8)and(2.9),
it is easyto expresstheSIR:¡

�£¢ �¥¤P¦ � S � { 
 g£§¤ � � � )��¨
 g � � ¤©¦ � S � { 
 g£§¤ ¦ � gS § ) ¤ ¦ � g� § ) ¤ � � g �
m

(2.11)

Thestatisticalaveragesin expression(2.11)canbecalculatedasfollows. For theusefulterm[3]:¤P¦ � S � { 
 g § � ¤ ?@ A�ª � S � { 
 � � S� L S T S 021.« g­¬B®¯ � � S 0 g1� ¤|¦ L gS T S § (2.12)

or — maintainingtheconditioningon thepathgain L S T S —,¤P¦ � S � { 
 g£° L S T S § � � S 0 g1� L gS T S m (2.13)

For thenoiseterm[3]: ¤ ¦ � g § � f g� � y S 021� m
(2.14)

Expressionsfor the varianceof the interferencetermscanbe found in [6] [3], [4], [7], [13]; they
all exploit theGaussianapproximationof thesummationsin � J ��� J �x� andoperatesubsequentstatistical
averagesover theenvironmentalparameters.Thusthey obtain:¤ ¦ � g ° �'� § � f g� °B±�² G�³ � 586-0 g&´ r s tvuw� R u �'�/J (2.15)

in purelyAWGN channel.In presenceof flat fading:¤ ¦ � g ° ���£J;L'� § � f g� ° ±�² G T
d G ³ � 576�0 g&´ r s tvuw� R u L g� ��� m (2.16)

Finally, in caseof frequency-selective fading,with thehypothesesof identicalmeannumbera of mul-
tipathsfor eachsourceandidenticalmeannumberof userspercell, it is possibleobtaining:¤©¦ � g� § � ¤©¦ L g� � T S § � ��� ��p�
-µ g 0 g1¶ 576 ) ¤|¦ L g� � T Q G � § � a ��p�
 �o� µ g 0 g1¶ 586 �� µ g 0 g1 � f g � a � ��p�
¶ 576 (2.17)¤|¦ � g� § � ¤©¦ L g��·.T Q G · § ¤|¦_¸*¹��· § a � µ g 0 g1¶ 576 �� � f g a �º µ g 0 g1¶ 5 6 (2.18)
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whereLb� � T Q G � arethepathgainsaffectingsignalsof thereferencecell, L'�x·(T Q G · arethepathgainsaffect-
ing signalsof thesurroundingcells, ¸ � · �¼» · V G ·» � V G � is theratio betweenthedistancesof the 4 u -th userof a
surroundingcell from its homebasestation( q u T � u ) andfrom thereferencebasestation( q S T � S ). If thepath
gainsareidenticallyRayleighdistributedand ¸ ��· is uniform in � Z J�p ^ , we obtain:¤©¦ L g� � T S § � ¤©¦ L g� � T Q G � § � ¤|¦ L g�x·.T Q G · § �P� f g (2.19)

and ¤ ¦ ¸ ¹��· § � pº m (2.20)
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Chapter 3

Techniquesof analysis

3.1 Standard GaussianApproximation (SGA)

Theuseof theGaussianApproximationto determinetheSignal-to-InterferenceRatio(SIR) andtheBit
Error Rate(BER) for a CDMA communicationssystemis basedon the argumentthat the bit decision
statistic

} S (2.8)maybemodelledasaGaussianrandomvariable[8], [9].
Werecallheretheexpressionof thedecisionstatisticof thetransmittedbit asderivedin theprevious

chapter: } S � { 
½� � S � { 
b) � )�� (3.1)

where � S is the usefulinformationcomponentandrepresentsa deterministicvariablegiven the trans-
mittedbit, while theMAI andthermalnoisecomponents,� and � , areindependentzero-meanGaussian
randomvariables.Thus,defining ¾ � � )P� , } S is a Gaussianrandomvariablewith mean � S anda
variancewhich is equalto thevarianceof ¾ ( f g¿ ).
3.1.1 Propagationin absenceof fading

Thanksto thestatisticalindependenceof the thermalnoiseandMAI terms,thevariancef g¿ is directly
expressedas: f g¿ � f g� ) f g� �� 576_0 g&´ r�s-tvuw� R u �'�8) y S 091� (3.2)

Then,becauseof theGaussiandistribution of thenoise+interferenceterm ¾ , theprobabilityof abit error
over thechannelis givenby: � ¤ ¢ �ÁÀ ª ° � S °f g¿ « �ÁÀ ª � S 0 g1� f g¿ « m (3.3)
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Now considerthat, for QPSKandBPSK modulationschemes,the relationbetweenthebit error prob-
ability andthesignal-to-noiseratio ( ¤ 1;:�y S ) over Additive White GaussianNoise(AWGN) channelin
absenceof interferersis expressedby thewell-known relation:� ¤ ¢ �ÁÀ ª � � ¤ 1y S « (3.4)

where ¤ 1 is the energy per bit and y S : � is the two-sidedpower spectraldensityof the thermalnoise.
Therefore,thepreviousexpressionyieldsthedefinitionof anequivalentsignal-to-interference-and-noise
ratio (SIR) for theCDMA system:by comparingequations(3.3) and(3.2), the following expressionis
straightforwardobtained: ¡

�£¢ � � S 0 g1� f g¿ � (3.5)� Z m ºuÂ�Ã¨Ä N r s tvu� R u ² G² � ) Å �g �$� ² � (3.6)

In typical mobile radio environments,communicationlinks areinterference-limitedandnot noise-
limited. For the interference-limitedcasethe thermalnoisetermcanbeneglectedandtheaverageSIR
andtheaverageBERaregivenby¡

�/¢ ° ±�² G ³ � ¶ 576� N r�s�tvu� R u ² G² � (3.7)

� ¤ ¢ ° ±�² G ³ � À ª ¶ 576N r�s-tvu� R u ² G² � « (3.8)

Notethatthepreviousexpressionsassumetheknowledgeof thesetof thereceivedpowers � �'� � .CDMA systemsgenerallyimplementsomeform of power control, in order to reducethe near-far
effect. Thus,ideally, all the signalsarrive at the receiver with the samepower: ���Æ�Ç� S J�  4 . In this
case: ¡

�£¢ � Z m ºr�s-tvuÂ�Ã¨Ä ) Å �g � � ² � (3.9)

� ¤ ¢ � ÀÉÈÊ pr s tvuÂ�Ã Ä ) Å �g �$� ² �2ËÌ (3.10)

Finally, in theinterference-limitedcasewith perfectpowercontrol,theaverageSIRandtheaverageBER
canbeapproximatedby ¡

�£¢ � ¶ 576�z� �o� ��p�
 (3.11)� ¤ ¢ � À ª � ¶ 5 6�o� ��p « (3.12)
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3.1.2 Fading Channels

If we considera frequency non-selective fadingchannel,thepathgaincomponentLb� canbemodelled
asa Rayleighrandomvariablewith distribution (2.3). In this casetheSIR andtheBER,conditionedon
thesetof fadingamplitudesandreceivedpowers,aregivenby [4]:¡

�£¢ ° ±
d G T ² G ³ � puÂ�Ã Ä N r s tvu� R u ² G² � d#ÍGd Í� ) Å �g �-� ² � d Í� (3.13)

� ¤ ¢ ° ±
d G T ² GK³ � À ÈÎÊÐÏÑÑÒ puÂ�Ã¨Ä N r s tvu� R u ² G² � d ÍGd Í� ) Å �g � � ² � d Í� Ë!ÓÌ (3.14)

At last,thepropagationchannelcanbemodelledasa frequency-selective channelwith fourth-order
propagationpathlossandimpulseresponsegeneratinga multipathspersignal,eachof themindepen-
dentlyfadedwith Rayleighstatistics.In thiscase,theRAKE receiverstructurecancombatthefrequency
selectioneffectby usefullyexploiting thepresenceof uncorrelatedmultipathrays.ProperSIRandBER
expressionsfor thecaseof aRAKE structurearepresentedin thenext section.

3.1.3 Cellular scenario

In caseof cellularsystem,thedecisionstatistic
} S canbewrittenas(2.9):} S � { 
M�P� S � { 
 µ L S T S 021 ) ��� ) �x� )�� (3.15)

where µ � � ��� S is thereceiveddesiredsignalamplitude,��� is theown-cell interferenceand �x� is the
inter-cell interference.Again, assumingthe independenceandGaussiandistribution for � � and � � , the
averageSIRandtheaverageBER,conditionedon theknowledgeof L S T S , canbeapproximatedas[7]:¡

�£¢ °
d � V � � � µ L S T S 091 
 g¤©¦ � g� § ) ¤©¦ � g� § ) ¤ � � g �

m
(3.16)

In thecaseof y & interferingcellsequippedby aconventionalcorrelation-typereceiverat thebasestation
andperfectlyimplementingthepower control, theSIR (3.16)andtheBER canbecalculatedby using
expressions(2.17),(2.18),(2.14):¡

�£¢ O °
d � V � � L gS T SÅ �g.Ô � ) g.Õ ÍÂ�Ã¨Ä×Ö�Ø p\) Å9ÙÚÜÛ a ��� ��p!Ý (3.17)� ¤ ¢ O °
d � V � � À�Þ � ¡ �£¢ Onß �� À ÈÊ ÏÑÑÒ L gS T SÅ �g.Ô � ) g.Õ ÍÂ�Ã¨ÄnÖ�Ø p>)�Å ÙÚÜÛ a ��� ��p!Ý ËÌ (3.18)

15



wheref g is thevarianceof theRayleighrandomvariablemodellingthefadingprocess.Then,averaging
over thedistribution of L S T S :¡

�£¢ O � � f gÅ �g.Ô � ) g.Õ ÍÂ�Ã Ä Ö(Ø p\)àÅ ÙÚÜÛ a � � ��p!Ý (3.19)

� ¤ ¢ O � p�Páâ pã� pä p\) Å �g.Ô � Õ Í ) gÂ�Ã Ä Ö�Ø p>)�Å ÙÚÜÛ a � � ��p!Ý£åæ (3.20)

wherethe Ào� m 
 functiondisappearedin thesolutionof the integral, thanksto theparticulardistribution
of L S T S whichhasbeenassumedaRayleighrandomvariable.

If aRAKE receiver is used,all theuncorrelatedmultipathcomponentscontributeto theusefulsignal.
So,with perfectpower control,theSIRandtheBERcanbederivedas[7]:¡

�/¢èç O ° ] � éÅ �g.Ô � ) g.Õ ÍÂ�Ã¨ÄnÖ(Ø p>) Å2ÙÚêÛ a ��� ��p!Ý (3.21)

� ¤ ¢èç O ° ] � ÀÉÈÊ éÅ �g.Ô � ) g.Õ ÍÂ�Ã Ä ÖëØ p\) Å ÙÚìÛ a �o� ��p Ý ËÌ (3.22)

where é � OwQ · R u L gQ ·Fí (3.23)

is a î g randomvariablewith thefollowing distribution:c � é 

� é O tvu�ï�t ]�ð g.Õ Í�e� f2g 
 O � a ��p�
Kñ m (3.24)

Averagingexpressions(3.21)and(3.22)over thedistribution (3.23),it is possibleto obtain:¡
�/¢òç O � � a f gÅ �g.Ô � ) g.Õ ÍÂ�Ã¨ÄÆÖ�Ø p`) Å9ÙÚÜÛ a �o� ��p!Ý (3.25)

� ¤ ¢òç O � � �2óS ÀÉÈÊ éÅ �g.Ô � ) g.Õ ÍÂ�Ã Ä Ö(Ø p>) Å ÙÚÜÛ a ��� �ôp Ý ËÌ c � é 
�� é
(3.26)

3.1.4 Imperfect power control

Up to this point, thepresenceof an imperfectpower control hasbeenhandledin a deterministicman-
ner. However, in order to obtain averagedresultson many possibleworking conditions,a statistical
descriptionof theimperfectpowercontrolphenomenonhasto begiven.
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Whenthe power control is imperfect,the received amplitude µ � of the 4 -th usercanbe modelled
asrandomvariablewith uniformdistribution aroundthenominalvalueof thereceivedpower level µ S .Thismeansthattheprobabilitydensityfunctionof µ � canbeassumedasc � µ ��
M� p�#õ µ S �öõø÷ µ �Ü÷ µ S )�õ (3.27)

whereõ is themaximumvariationrangeof thereceivedsignalwith respectto themeanvalue µ S . Then,
in thecaseof conventionalcorrelation-typereceiver, theaverageSIR andtheaverageBER aregivenby
[7]: ¡

�/¢è� O � � f gÅ �g.Ô � ) g.Õ ÍÂ�Ã¨Ä Þ p\)�ù ÍÂ.ú Í� ß ÖëØ p\) Å9ÙÚìÛ a �o� ��p!Ý (3.28)

� ¤ ¢ � O � p� áûûâ p8� p
� p\) Å �g.Ô � Õ Í ) gÂ�Ã Ä Þ p`) ù ÍÂ.ú Í� ß Ö(Ø p>) Å ÙÚÜÛ a ��� �ôp Ý å�üüæ

(3.29)

As in theprevious case,the À�� m 
 functiondisappearedfrom theBER expressionthanksto thesolution
of theintegral for theRayleighdistribution.

Instead,with aRAKE receiver, theSIRandtheBER aregivenby¡
�£¢è�;ç O ° ] � éÅ �g.Ô � ) g.Õ ÍÂ�Ã¨Ä Þ p\) ù ÍÂ.ú Í� ß Ö�Ø p`) Å ÙÚÜÛ a � � ��p Ý (3.30)

� ¤ ¢è�;ç O ° ] � À ÈÊ éÅ �g.Ô � ) g.Õ ÍÂ�Ã Ä Þ p>)ýù ÍÂ.ú Í� ß Ö(Ø p\) Å ÙÚêÛ a ��� �ôp Ý ËÌ
(3.31)

Finally, in absenceof fadingandinterferingcells,thepreviousexpressions(3.28)and(3.29)canbe
simplifiedin: ¡

�£¢è� O � pÅ �g.Ô � ) r s tvuÂ�Ã Ä Þ p\)ýù ÍÂ.ú Í� ß (3.32)� ¤ ¢è� O � À Þ � ¡ �£¢è� Onß (3.33)

andin analogousway for (3.30)and(3.31).

Notethat theuniform distribution for µ � is a roughapproximation:betterdistribution modelcould
be selected,that morecarefully takes into accountthe impairmentsof the practicalrealizationof the
powercontrolalgorithm(e.g.the”quantization”of thepossibletransmittedlevels).
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3.1.5 Absenceof power control

In somesituationsthebasestationdoesnot implementany form of powercontrolon theusers’channels.
In thosecases,the received powers are strongly dependenton the distancebetweenthe transmitting
terminalsandthebasestationandthenear-farproblemstronglyarises.In particular, assumingaconstant
transmittedpower, thereceivedpower level is attenuatedby a pathlossfactorthat is proportionalto q-þ ,
being q thetransmitter-receiver distanceand = thepath-lossexponentrangingfrom = �P� for free-space
propagationto = � � for urbanenvironments[3]. Moreover, the received power is still subjectto the
Rayleighfadingphenomenon.

In orderto take into accountthedistance-dependent path-loss,we assumea uniform distribution of
theuserswithin acircularcell of radius¢ & . Assumingthat q�ÿ is theminimumdistancebetweenthebase
stationantennaandtheuserterminal,thestatisticaldistribution of thedistanceq is:c » � q#

� ��q

¢ g& �Iq gÿ J q � Y q ÿ J ¢ & ^ m (3.34)

The received signal amplitude µ at the basestationis a function of the distanceq , of the path-loss
exponent= andof thetransmittedamplitudeµ S :µ � � µ S� � q�
 þ m (3.35)

Thereforeits distribution

c ú � �z
 canbederivedasfollows: let usconsiderthecumulativedistribution� ú � �z
 of theamplitudes;it is definedastheprobabilitythat µ is lower than � :� ú � �z
 ��� q � µ�� � � � � [t ó
c ú � ��
��/� m (3.36)

Thisprobabilitycanbeevaluatedby meansof (3.35)as:� ú � ��
~� � q � µ�� � � �~� q j µ Sq þ ð g � � k � (3.37)� p8�I� q � q ÷�� µ S�
	 g ð þ�� J (3.38)

i.e.,by putting 
q � Ø ú �[ Û g ð þ ,
� ú � �z
½� ?��@ ��A Z J 
q�� ¢ &!J � � ú �ç����

ÍÙp �����»»�� c » � q#
��£q$J 
q � � Z J ¢ & ^ J ú �ç����
ÍÙ � � � ú �» ���

Í�p�J q � q�ÿ$J ��� ú �» ���
Í� m (3.39)

Then,by consideringthat

c ú � ��
>���� [ � ú � ��
 , it is easyto obtain:c ú � �z
~� � ¹ ú � �!��þ � ç
ÍÙ t » Í� � � t �!" �� J ú �ç ���

ÍÙ � � � ú �» ���
Í�Z J #-� < ï q%$'&F� ï m (3.40)
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At thispoint themeanvalue ( ú andthevariancef gú of thereceivedsignalamplitudesin absenceof
powercontrolcanbecalculated:

( ú � ¤ � µ � � ?�@ �A ¹ ú �� þ t ¹ � � ç
ÍÙ t » Í� �*) q �,+ �Íÿ � ¢ �,+ �

Í& - J =/.� �ú �� ç
ÍÙ t » Í� �'02143 Þ ú �» ���

Í� ß � 143 Þ ú �ç ���
ÍÙ ß 5 J = � � m (3.41)

f gú � ¤©¦ µ g § � ( gú � µ gS� = ��p�
!� ¢ g& ��q gÿ 
 Ö q g t þÿ � ¢ g t þ& Ý � ( gú m (3.42)

It is worth to noticethat thepreviousexpressionscanbeeasilyextendedto thecaseof interference
from othercells: if we considera circular region of interferingcells aroundthat of interest,with uni-
formly distributedusers,their interferingamplitudesarestill statisticallydescribedby (3.41)and(3.42)
by substituting¢ & with themaximumpossibledistanceof auserfrom thebasestationof interestand q ÿ
with ¢ & .Now, following thedevelopmentwhich leadsto (3.28)and(3.29)[7], theSIR andBER expressions
in absenceof power controlbecome:¡

�£¢ ú O � � f gg.Õ ÍÂ�Ã¨Ä u6 Í7 Ö ¤ ¦ µ g � § � a ��� ��p�
*) Å9Ù O r�sÚ ¤ ¦ µ g� § ÝM) Å �g.Ô � (3.43)

� ¤ ¢ ú O � p�Ááâ p � pä p`) Å �g.Ô � Õ Í ) gÂ�Ã¨Ä u6 Í7 Ö ¤ ¦ µ g � § � a �o� ��p�
*) Å2Ù O r�sÚ ¤ ¦ µ g� § Ý åæ (3.44)

whereµ � is therandomvariableof thereceivedamplitudesfrom thecell of interestand µ � is therandom
variableof thereceivedamplitudesfrom theinterferingcells.

Theseformulasappearsimplifiedin absenceof fadingandinterferingcellsin:¡
�£¢ ú O � pÅ �g.Ô � ) uÂ�Ã¨Ä Ô � ú Í� �6 Í7 � �o� ��p�
 (3.45)

� ¤ ¢ ú O � À Þ � ¡ �/¢ ú Onß m (3.46)

3.2 Impr ovedGaussianApproximation (IGA)

Theexpressionsin section3.1areonly valid whenthenumberof usersis large.Furthermore,evenwhen�o�
is large, if the power control is not perfectlyimplemented,the MAI is not so accuratelymodelled

asa Gaussianrandomvariable. In situationswherethe GaussianApproximationis not appropriate,a
morein-depthanalysismustbeapplied. In theprevious section,the interferenceterm � in (3.1) wasa
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zero-meanGaussianrandomvariablewith variance(2.15):f g� � 586-0 g&´ r s tvuw� R u �'�/J (3.47)

obtainedby subsequentlyaveragingthe summation(2.7) over the distributions of the environmental
parametersX �£J\�x�£J � . Thus,strictly speaking,the expressionsof the SIR andBER for a singleuser
channelareevaluatedasadeterministicmeasureof averagedenvironmentalconditions.

A differentapproachcanbefollowedinsteadby calculatingtheaveragedSIRandBERovertheenvi-
ronmentalstatistics;it hasbeenprovedby simulations([4], [5]) thatthis approachyieldsto animprove-
mentof the Gaussianapproximationmethod. This analysisdefinesthe interferencetermsconditioned
on the particularoperatingconditionof eachuser. Whenthis is done, 8 is definedasthe conditioned
varianceof themultiple accessinterferencefor a specificoperatingcondition[3]:8 �:9/�/q8� � ° �<; � � J � �x� � J � ��� � J � 
 (3.48)

hencetheconditionalvarianceof theMAI is itself a randomvariable;in this way, theSIR becomes¡
�£¢ ° = � � S 0 g1� 8 m

(3.49)

A similar expressionwasderived in (3.5),with thefundamentaldifferencethat (3.5) evaluatedtheSIR
assumingtheaveragevalueof thevarianceof themultiple accessinterferenceterm. On theotherhand,
if thedistribution

c � 8 
 of 8 is known, theSIR andtheBER canbefoundby averagingoverall possible
valuesof 8 , asit canbeseenin (3.50)and(3.51):¡

�£¢è� Ã9ú � � óS � 8 � S 0 g1� 8 c � 8 
 (3.50)

� ¤ ¢è� Ã9ú � � óS � 8 ÀÉÈÊ � S 0 g1� 8 ËÌ c � 8 
 (3.51)

It hasbeendemonstratedthat,if thedistributionof theinterferingpowerlevelsisknown,ananalytical
expressionfor

c � 8 
 canbe found [3], [15]. Moreover, in caseof perfectpower control, the technique
shown in (3.50)and(3.51)yieldsto accurateresultsfor averysmallnumberof interferingusers[9]. Note
thatthis approachcouldbetheoreticallyextendedto all theequationspresentedin section3.1,provided
thatanexpressionfor

c � 8 
 is availablein thosecases.

3.3 Simplified Expressionof the Impr ovement GaussianApproximation
(SEIGA)

Theexpressionscited in thesection3.2 arecomplicatedandrequiredsignificantcomputationaltime 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, andby SunayandMcLane[4] in the
caseof frequency non-selective fadingchannel.

ThesimplifiedSIR andBER expressionsarebasedon thefact that if > � é 
 is a continuousfunction
and é is a randomvariablewith meanvalue ( ] andvariancef g] , thentheaveragevalue ¤ �?> � é 
 � canbe
expressedby makinguseof theTaylor’s expansionas[11]:¤ �?> � é 
 � � > � ( ] ) é 
2) p� f g] >A@ � ( ] 
2) mxmxm (3.52)

Furthercomputationalsavings canbe obtainedby expandingin differencesratherthanderivatives,
sothat ¤ �?> � é 
 �CB� > � ( ] 
2) f g]� > � ( ] ) < 
��I� > � ( ] 
2) > � ( ] � < 
< g (3.53)

Choosing< � � ¶ f ] , (3.53)becomes[6]¤ �?> � é 
 �*B� � ¶ > � ( ] 
*) p´ > Þ ( ] ) � ¶ f ] ß ) p´ > Þ ( ] � � ¶ f ] ß m (3.54)

Using this approximation,in the caseof interference-limitedcase,theexpressionof SIR andBER
are: ¡

�/¢CD Ô � Ã9ú B� � ¶ � S 0 g1� ( = ) p´ � S 0 g1� Ø ( = ) � ¶ f = Û ) p´ � S 0 g1� Ø ( = � � ¶ f = Û (3.55)

� ¤ ¢ D Ô � Ã9ú B� � ¶ À ª � S 0 g1� ( = « ) p´ À ª � S 0 g1� Ø ( = ) � ¶ f = Û « )p´ À ª � S 0 g1� Ø ( = � � ¶ f = Û « (3.56)

where ( = is the meanvalue of the varianceof the multiple accessinterference8 , conditionedon a
specificsetof operatingconditions,and f g= is thevarianceof 8 .

In absenceof fading,if the received power levels from the
��� �©p interferingusersareidentically

distributedwith mean(­6 andvariancef g6 , themeanandvarianceof 8 aregivenby [3]:( = � 0 g& 5 6´ � ��� ��p�
 (­6 (3.57)f g= � � � � ��p�
 0 ¹&�FE (3.58)G<H 5 g6 )�� 586 ����#Z f g6 ) ª � ¶ 5 g6¶_´ Z ) 5 6 � p� Z ) �o� ���¶_´ 	 � p� Z � ��� �ö�¶_´ « ( g6JI
Notethatequation(3.56)is valid only for ( = � � ¶ f = (3.59)
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to ensurethatthedenominatorof thethird termis positive. This leadsto thefollowing requirementf g6( g6 � p Z �o� � �/5 g6 � ¶ 576 ) ¶ 
��ô�(p ZLK#5 g6 � ´ 576 ) ´ 
� H � H 5 g6 )�� 576 ���#
 m
(3.60)

In thecasewherenoisetermis significant,theSIR andBERaregivenby¡
�£¢ D Ô � Ã9ú B� �¶ � S 0 g1� Þ ( = ) Å � �$�¹ ß ) p´ � S 0 g1� Þ ( = ) � ¶ f = ) Å � �-�¹ ß) p´ � S 0 g1� Þ ( = � � ¶ f = ) Å � �$�¹ ß (3.61)

� ¤ ¢ D Ô � Ã9ú B� �¶ À ÈÎÊ ÏÑÑÒ � S 0 g1� Þ ( = ) Å � �$�¹ ß Ë!ÓÌ ) p´ À ÈÎÊ ÏÑÑÒ � S 0 g1� Þ ( = ) � ¶ f = ) Å � �-�¹ ß Ë!ÓÌ )
p´ À ÈÎÊ ÏÑÑÒ � S 0 g1� Þ ( = � � ¶ f = ) Å � �-�¹ ß Ë!ÓÌ (3.62)

In thiscasetheconditionrequiredfor f g6 , given (­6 , isf g6 � Ø p Z ��� � �/5 g6 � ¶ 576 ) ¶ 
��ô�(p ZLK#5 g6 � ´ 576 ) ´ 
 Û ( g6 ) u g S 6 Ä Ã ÍÄ Å �� ÍÙ ) M S Å Í� Ã ÍÄ� r�s�tvu.� � �Ù� H � H 5 g6 )�� 576 ���#
 m
(3.63)

Whena frequency non-selective fadingchannelis considered,the expressionof SIR andBER are
givenby [4]¡

�£¢CD Ô � Ã9ú ° ±
d Gx³ B� �¶ � S 0 g1 L gS�ÜÞ ( = ) Å � �$�¹ ß ) p´ � S 0 g1 L gS�ÜÞ ( = ) � ¶ f = ) Å � �$�¹ ß) p´ � S 0 g1 L gS�ÜÞ ( = � � ¶ f = ) Å � �-�¹ ß (3.64)

� ¤ ¢ D Ô � Ã9ú ° ±
d G ³ B� �¶ À ÈÎÊ ÏÑÑÒ � S 0 g1 L gS� Þ ( = ) Å � �-�¹ ß Ë!ÓÌ ) p´ À ÈÎÊ ÏÑÑÒ � S 0 g1 L gS� Þ ( = ) � ¶ f = ) Å � �$�¹ ß Ë!ÓÌ )

p´ À ÈÎÊ ÏÑÑÒ � S 0 g1 L gS� Þ ( = � � ¶ f = ) Å � �$�¹ ß Ë!ÓÌ (3.65)
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where,in caseof perfectpower control,themeanandthevarianceof 8 are

( =M°B± d G ³ � 576-0 g& � S´ r�s�tvuw� R u L g� (3.66)f g= °B± d Gx³ � 0 ¹& � gS� G � ¶ 5 g6 )|pON 586 ��pON¶_´ Z r s tvuw� R u L ¹ � )5 6 ��p¶_´ r s tvuw� R u r � tvuwP R u P �R � L g� L gP åæ (3.67)

In orderto find theaverageSIR andBER for this case,expressions(3.64)and(3.65)have to befurther
averagedover thedistribution of thepathgains � L'� � .Notethatequation(3.65)is only valid fory S 021� ) 576´ 0 g& � �o� ��p�
�� S � � ¶ f = (3.68)

to ensurethattheterminsidethesquare-rootoperatorat thedenominatorof thethird termis positive.
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Chapter 4

Numerical results

In thischaptertheresultsof asetof numericaltestsobtainedthroughtheimplementationof theequations
of the previous chapterarepresented.We considerdifferentscenarios:the casesof a channelwith or
without fadingandthecasesof perfector imperfectpower control. The received power of thedesired
signalis normalizedto 1. In all thesimulationsthechip rate ¢ & is equalto 3.84Mbit/s, theSignal-to-
NoiseRatio ¤ 1;:�y S �øp Z dB andtheprocessinggain 576 is chosenamongthesevalues:10,64,256. In
theappendixA thereareothernumericalresultswith differentvaluesof ¢ & , 5 6 and ¤ 1�:�y S .
4.1 Channelwithout fading

4.1.1 Perfect power control

Thefirst caseweconsideris asystemfor whichthepowercontrolis perfectandthepropagationchannel
is modeledwithout fading. In this caseof SGA approximationwe usetheequations(3.11)and(3.12),
for interferencelimited case(ilc), (3.9)and(3.10)for non-interferencelimited case(nilc). In thiscaseof
SEIGA approximationwe usetheequations(3.55)and(3.56),for interferencelimited case,(3.61)and
(3.62)for non-interferencelimited case.To obtainperfectpower control,we set (­6 =1 (3.57)and f g6 =0
(3.58).

In thefollowing figurestheSIR andtheBER areplotted: in Fig. 4.1 576 �øp Z , in Fig. 4.2 586 � ´ �
and in Fig. 4.3 576 � � º_´ . We canobserve, asexpected,that the BER becomessignificantly lower
increasing5 6 .
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Figure4.1: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; 576 ��p Z .
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Figure4.2: SIR (a) andBER (b) over anon-fadingchannelwith perfectpower control; 576 � ´ � .
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Figure4.3: SIR (a)andBER (b) overanon-fadingchannelwith perfectpowercontrol; 576 �P� º_´ .
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4.1.2 Imperfect power control

In thissectionweanalyzetheeffectof imperfectpowercontrolon theperformanceof acellularCDMA,
overachannelmodeledwithout fading. Whenthepowercontrolis imperfect,thetransmittedamplitudeµ � of the 4 th useris a randomvariable. We considera uniform distribution of the amplitude(3.27),
where µ S is the meanvalueand õ is the maximumvariationrangeof the received signal. With this
assumption,thedistribution of thepower � � µ g : � is [16]c ² �RQ9
M� p� �SQ9�#õ � µ S �öõ 
 g� � Q � � µ S )ôõÜ
 g� (4.1)

Sowe obtain (­6 � � µ S )�õì
 Â �ô� µ S � õÜ
 Âp��#õ (4.2)f g6 � � µ S )�õì
 Ú �ô� µ S � õÜ
 Ú�#Z õ � ( g6 (4.3)

For theSGA approximationwe useequations(3.32)and(3.33). For SEIGA approximationwe use
equations(3.61)and(3.62),putting in (3.57)and(3.58) the valuesof (­6 and f g6 obtainedin (4.2) and
(4.3).

In thefollowing figurestheSIR andtheBER areplotted: in Fig. 4.4 576 �øp Z , in Fig. 4.5 586 � ´ �
andin Fig. 4.6 576 �P� º_´ . For referencewe considerthesameanalysiswith perfectpower control(ppc,
solid line with circle). Defining 4 �Áõ : µ S , in solid line 4 � Z m º , in dash-dotline 4 � Z m N .

We canobserve, asexpected,that theBER is significantlylower increasing586 . In all theanalysis
theperformanceof thesystemdegradesrespectto thecaseof perfectpowercontrol.
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Figure4.4: SIR(a)andBER(b) overanon-fadingchannelwith imperfectpowercontrol(ipc); 586 ��p Z ;
k=0.5in solid line; k=0.8in dash-dotline
.

29



0 5 10 15 20 25 30
6

7

8

9

10

11

12

Number of Users

dB
SIR

SGA ppc  
SGA ipc  
SEIGA ipc

k 

a

0 5 10 15 20 25 30
10

−5

10
−4

10
−3

10
−2

10
−1

Number of Users

BER

SGA ppc  
SGA ipc  
SEIGA ipc

k 

b

Figure4.5: SIR(a)andBER(b) overanon-fadingchannelwith imperfectpowercontrol(ipc); 586 � ´ � ;
k=0.5in solid line; k=0.8in dash-dotline
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Figure4.6: SIR (a) andBER (b) over a non-fadingchannelwith imperfectpower control (ipc); 576 �� º_´ ; k=0.5in solid line; k=0.8in dash-dotline
.
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4.1.3 Absenceof power control

Whenthe basestationdoesnot implementthe power control, a near-far effect arisesand the system
performancesignificantlydegrade,asit canbeseenin figures4.7,4.8and4.9. Thecurvesareobtained
for differentvaluesof 576 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 SGAmethodwith nopowercontrol,finally formulas(3.61)-(3.62)for SEIGAmethodin thecasesof
imperfectandabsentpower control,by meansof (3.57)-(3.58)for ( = and f g= . In theselastexpressions,
thevaluesof (­6 and f g6 areevaluatedby meansof (4.2)-(4.3)in caseof imperfectpower control,while
in caseof nopower control,recallingthat � � µ g : � , it is easyto obtain:(­6 T [ 6 &~� ¤ j µ g� k � µ gS�z� ¢ g& �Iq gÿ 
!� = ��p�
 Ö q g t þÿ � ¢ g t þ& Ý (4.4)f g6 T [ 6 & � ¤ � � µ g� 	 g � � ( g6 T [ 6 & � µ ¹ S� � ¢ g& ��q gÿ 
!� = �ôp�
 0 q g � u;t þ �ÿ � ¢ g � u;t þ �& 5 � ( g6 T [ 6 & m

(4.5)

Thefigureshave beenobtainedby settingthepathlossexponent= � � , thecell radius ¢ & � ¶ km,
andtheminimumdistancebetweentransmittingandreceiving antennasq ÿ �P� Z m.

It mustbe notedthat the SEIGA approximationfor the BER cannotbe calculated,becauseoneof
thetermsunderthesquaredroot resultsalwaysnegative. However, oneof the fundamentalhypotheses
underwhich the SEIGA approximationis developed,is that the systemdoesperfectly implementthe
powercontrol: this is evidentlynotourcase.Thereforeit is conceivablethatin absenceof powercontrol
notonly theSEIGAapproximationwould lack in precision,but evenits computationresultsimpossible.
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Figure4.7: SIR (a) andBER (b) for 576 � � º_´ , over a non-fadingchannelwith perfect(ppc),imperfect
(ipc) andabsentpower control(apc).
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Figure4.8: SIR (a) andBER (b) for 576 � ´ � , over a non-fadingchannelwith perfect(ppc), imperfect
(ipc) andabsentpower control(apc).
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Figure4.9: SIR (a) andBER (b) for 576 � p Z , over a non-fadingchannelwith perfect(ppc), imperfect
(ipc) andabsentpower control(apc).
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Figure4.10: Distribution histogramof thevariableusedto modelthefading.In solid line theanalytical
Rayleighdistribution.

4.2 Channelwith fading

In this sectionwe analyzethebehavior of thesystemwhenthefadingis modeledasa Rayleighrandom
variablewith variancef g .
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) respectively, assuming��� � � S for 4 �p�J mxmxm J ��� .

In thefirst way, the fadingprocesswhich independentlyaffectsall theusersis describedby means
of its variancef g only (3.19,3.20).

In thesecondtechnique(3.13,3.14),theindependentfadingprocessesarenotaveragedyet. Toobtain
theaverageSIR andaverageBER we usean intuitive montecarlomethod:we repeatmany realization
with differentsetof variableswith Rayleighdistribution andat lastwe averagetheresult.Theobtained
resultis anempiricalestimateof thestatisticalapproach.Thefigure4.10is anhistogramof thevaluesL'� of theusedvariable:theenvelopeis very similar to a Rayleighdistribution (solid line).

For SEIGA approximation,we useequations(3.64)and(3.65)by meansof (3.66),(3.67). Also in
thiscasetheaveragevalueis obtainedasa resultof many simulations.

In Fig. 4.11,4.12and4.13theaverageSIRandaverageBERareplotted,respectively with 576 ��p Z ,576 � ´ � and 576 � � º_´ . In thisanalysisf g ��p . Thefirst SGA analysisis in solid line with circles,the
secondSGA analysisis in solid line with stars.To comparethetwo techniques,in (3.19)and(3.20)the
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numberof interferingcellsis equalto 0 andthenumberof multipathsis equalto 1: we canobserve that
thetwo resultsarevery similar.

In all thecaseswe have a really higherBERrespectto thecasewithout fading.

Using equations(3.19) and (3.20), we analyzethe performanceof the systemin presenceof a
multipathsandconsideringdifferentnumberof interferingcells,throughSGA approximation.In figure
4.14theperformanceof aconventionalcorrelationreceiverareshown for asystemwith 5 6 � ´ � , a � �
and f g ��p .

Usingequations(3.21)and(3.22),we analyzethecaseof aRAKE receiver. To obtaintheresultswe
numericallyaveragedthe SIR andBER over the distribution of the randomvariable é (3.23). For the
BER, theintegrationis madewith theMATLAB-NAG routined01amf. In figure4.15theperformance
of an a -finger RAKE receiver areshown, for a systemwith 5 6 � ´ � , f g � p , a � � . Of course,
wecanobserve thatusingaRAKE receiver theperformanceof thesystemarebetterthanaconventional
correlationreceiver.
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Figure4.11:SIR (a) andBER (b) over a fadingchannelwith perfectpower control; 586 ��p Z .
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Figure4.12:SIR (a) andBER (b) over a fadingchannelwith perfectpower control; 586 � ´ � .
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Figure4.13:SIR (a)andBER (b) overa fadingchannelwith perfectpower control; 576 �P� º_´ .
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Figure4.14: SIR (a) andBER (b) over a fadingchannelwith perfectpower control,asa functionof the
numberof interferingcellsN. Conventionalcorrelationreceiver, 576 � ´ � , numberof multipath a � � .
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Figure4.15: SIR (a) andBER (b) over a fadingchannelwith perfectpower control,asa functionof the
numberof interferingcellsN. RAKE receiver, 586 � ´ � , numberof multipath a � � .
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4.2.2 Imperfect power control

In the analysisof a systemover fading channelwith imperfectpower control, we considerthe SGA
approximationthroughtheequations(3.28)and(3.29)for aconventionalcorrelationreceiver, equations
(3.30)and(3.31)for aRAKE receiver. In bothcasesweconsidertheinterferenceof multipathsandusers
of othercells. Theimperfectpower control is modeledasa uniform distribution of theamplitudeof the
receivedsignal(3.27),where 4 ��õ : µ S . In figure4.16we considera conventionalcorrelationreceiver
and 586 � ´ � , a � � , f g � p , asa functionof thenumberof interferingcells. Therearetwo casesof
imperfectpower control: 4 � Z m º in solid line; 4 � Z m N in dash-dotline. In figure4.17thereis thesame
analysiswith a RAKE receiver. The performanceof a RAKE receiver arebetterthana conventional
correlationreceiver, and,in bothcases,thebehavior is asworseasmoreimperfectis thepower control
(i.e. as 4 increases).
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Figure4.16: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control, asa function
of the numberof interferingcells N; f g � p , 576 � ´ � , numberof multipaths a � � . Conventional
correlationreceiver; 4 � Z m º in solid line; 4 � Z m N in dash-dotline.
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Figure4.17: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control,asa functionof
thenumberof interferingcells N; f g � p , 576 � ´ � , numberof multipaths a � � . RAKE receiver;4 � Z m º in solid line; 4 � Z m N in dash-dotline.
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4.2.3 Absencepower control

A comparisonof the systemperformanceover a 4-multipathchannelwith perfect, imperfectand no
powercontrolandvariableprocessinggainis shown in figures4.18,4.19and4.20,for conventionaland
RAKE receiversandSGA approximations.Theimplementedformulasfor thecaseof no power control
are (3.43) and (3.44). As expected,in absenceof power control the performanceseverely degrade;
however, in this casetheGaussianapproximationcouldprovide very impreciseestimates.

The figureshave beenobtainedby setting: f g � p for the Rayleighfading, a � � multipath
rays, 4 � Z m º for the imperfectpower control, path lossexponent = � � when no power control is
implemented,cell radius ¢ &Ü� ¶

km, minimum distancebetweentransmittingandreceiving antennasq�ÿ8�P� Z m, numberof interferingcells y & � ´ .
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Figure4.18: SIR (a) andBER (b) for 576 �É� º_´ , over a fadingchannelwith perfect(ppc), imperfect
(ipc) andno powercontrol(apc),with conventionalandRAKE receiver (R).
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Figure4.19:SIR (a)andBER(b) for 576 � ´ � , overa fadingchannelwith perfect(ppc),imperfect(ipc)
andnopower control(apc),with conventionalandRAKE receiver (R).
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Figure4.20:SIR (a)andBER(b) for 576 ��p Z , overa fadingchannelwith perfect(ppc),imperfect(ipc)
andnopower control(apc),with conventionalandRAKE receiver (R).
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Chapter 5

Conclusions

Theproblemof describingtheinterferencegeneratedby anumberof co-channelindependentsourcesin a
synchronousor asynchronousDS-CDMA systemis madeacomplex taskby theinherentunpredictability
of the wirelesscommunicationscenario.The Gaussianapproximation,by meanof the CentralLimit
Theoremtheory, leadsto a fundamentalsimplification of the problemformulation, thus allowing an
analyticaldevelopmentandaverycomputationallyefficientsolutionfor thesystemperformanceestimate
in termsof SIRandBER,basedonthestatisticaldescriptionof all thechannelimpairments.In thisway,
tediousandcost-inefficient simulationscanbeavoided.

Severalimprovementshavebeenproposedfor thestandardmethod(IGA, SEIGA),thatslightlybetter
behave in caseof reducednumberof interferersand/orimperfectpower control. In fact, in literature
SGA methodsshowed inaccurateandoptimistic resultswith respectto simulations,in termsof BER;
our resultsconfirmthat in all casesSEIGA methodsachieve higherBER levels, in particularfor a few
interferersandimperfectpower control. However, the applicationof SEIGA expressionsis limited by
somenumericalconstraints,whichmadetheuseof thismethodcritical for somesituations.

As far as the SIR is concerned,for the bestof our knowledgeliteraturedoesnot presentresults
comparingdifferent Gaussianmethodappliedto the SIR evaluation. Out developmentsexperienced
slightly higherSIR level estimatesfor all theSEIGA expressions.

It mustbenotedthatboththeSGAanSEIGAexpressionswedevelopedfor thecaseof absentpower
control areborderlinecases:sincethe power levels at the receiver canbe very different,the Gaussian
hypothesisfrom theCentalLimit Theoremcanbevery hardlyaccountedfor in thatcase.

AlthoughtheGaussianhypothesiscouldappearastrainedoperationfor somesituations(for realsit-
uations), it seemshowever theuniquepractical,very flexible andvery computationallyefficient method
thathasbeenprovidedin orderto give anestimateof theinterferenceeffectsin DS-CDMA systems.
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Appendix A

Other numerical results

In thisappendixthereis acollectionof othernumericalresults,similar to thesimulationsof chapter4. In
theseanalysis¢ 1 � K ´ Z_Z bit/s, ¤ 1�:�y S �Á� Z dB and 576 is equalto 32 or 128. Many differentscenarios
areconsidered:channelwith or without fading;perfect,imperfector absenceof power control.

Channelwithout fading and Perfect power control

In figureA.1 theSIRandtheBER areplotted; 576 � ¶ � .
In figureA.2 thereis thesameanalysiswith 576 � p��TN . We canobserve, asexpected,that theBER

is significantlylower thanin thepreviouscase.

Channelwithout fading and Imperfect power control

In figureA.3 theSIR andtheBER areplotted;in this analysis576 � ¶ � . For referencewe considerthe
sameanalysiswith perfectpower control(ppc,solid line with circle). Defining 4 ��õ : µ S , in solid line4 � Z m p , in dash-dotline 4 � Z m º .

In figureA.4 thereis thesameanalysiswith 576 � p��TN . We canobserve, asexpected,that theBER
is significantlylower thanthepreviouscase.

In bothanalysistheperformanceof thesystemdegradesrespectto thecaseof perfectpowercontrol.

Channelwithout fading and Absenceof power control

FigureA.5 hasbeenobtainedby settingthefollowing systemparameters:576 ��p��TN , pathlossexponent= � � , cell radius ¢ & � ¶ km, minimumdistancebetweentransmittingandreceiving antennasq�ÿl� � Z
m.

Channelwith fading and Perfect power control

In figureA.6 theaverageSIR andaverageBER areplotted. In this analysis576 � ¶ � and f g � p . 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 perfectpowercontrol; 576 � ¶ � .
comparethe two techniques,in (3.19)and(3.20) the numberof interferingcells is equalto 0 andthe
numberof multipathsis equalto 1: we canobserve thatthetwo resultsarevery similar.
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FigureA.2: SIR (a)andBER (b) overanon-fadingchannelwith perfectpowercontrol; 576 ��p��TN .
In figureA.7 thereis thesameanalysiswith 5 6 ��p��TN .
In bothcaseswe have a really higherBERrespectto thecasewithout fading.
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In figure A.8 the performanceof a conventionalcorrelationreceiver areshown for a systemwith5 6 ��p��TN , a � � and f g ��p .
In figureA.9 theperformanceof an a -fingerRAKE receiverareshown, for asystemwith 576 ��p��TN ,f g � p , a � � . Of course,we canobserve thatusinga RAKE receiver theperformanceof thesystem

arebetterthanaconventionalcorrelationreceiver.

Channelwith fading and Imperfect power control

In figure A.10 we considera conventionalcorrelationreceiver and 576 � p��TN , a � � , f g � p , asa
functionof thenumberof interferingcells. Therearetwo casesof imperfectpower control: 4 � Z m º in
solid line; 4 � Z m N in dash-dotline. In figureA.11 thereis thesameanalysiswith aRAKE receiver. The
performanceof a RAKE receiver arebetterthana conventionalcorrelationreceiver, and,in bothcases,
thebehavior is asworseasmoreimperfectis thepower control(i.e. as 4 increases).

Channelwith fading and Absencepower control

A comparisonof the systemperformanceover a 4-multipathchannelwith perfect, imperfectand no
power control is shown in figureA.12, for conventionalandRAKE receiversandSGA approximations.
Thefigurehasbeenobtainedby settingthefollowing systemparameters:586 � p��TN , f g � p , a � � ,4 � Z m º , pathlossexponent= � � , cell radius ¢ &\� ¶ km, minimumdistancebetweentransmittingand
receiving antennasq ÿ �P� Z m, numberof interferingcells y &>� ´ .
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FigureA.3: SIR(a)andBER(b) overanon-fadingchannelwith imperfectpowercontrol(ipc); 586 � ¶ � ;
k=0.1in solid line; k=0.5in dash-dotline
.
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FigureA.4: SIR (a) andBER (b) over a non-fadingchannelwith imperfectpower control (ipc); 576 �p��TN ; k=0.1in solid line; k=0.5in dash-dotline
.
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FigureA.5: SIR(a)andBER(b) overanon-fadingchannelwith perfect(ppc),imperfect(ipc) andabsent
powercontrol(apc); 576 ��p��TN .
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FigureA.6: SIR (a)andBER (b) overa fadingchannelwith perfectpower control; 576 � ¶ � .
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FigureA.7: SIR (a) andBER(b) overa fadingchannelwith perfectpowercontrol; 586 ��p��TN .
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FigureA.8: SIR (a) andBER (b) over a fadingchannelwith perfectpower control, asa function of
the numberof interferingcells N. Conventionalcorrelationreceiver, 5 6 � p��TN , numberof multipatha � � .
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FigureA.9: SIR (a) andBER (b) over a fadingchannelwith perfectpower control,asa functionof the
numberof interferingcellsN. RAKE receiver, 586 ��p��TN , numberof multipath a � � .
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FigureA.10: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control, asa function
of thenumberof interferingcells N; f g � p , 576 � p��TN , numberof multipath a � � . Conventional
correlationreceiver; 4 � Z m º in solid line; 4 � Z m N in dash-dotline.
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FigureA.11: SIR (a) andBER (b) over a fadingchannelwith imperfectpower control,asa functionof
thenumberof interferingcells N; f g � p , 576 � p��TN , numberof multipath a � � . RAKE receiver;4 � Z m º in solid line; 4 � Z m N in dash-dotline.
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FigureA.12: SIR(a)andBER(b) overafadingchannelwith perfect(ppc),imperfect(ipc) andnopower
control(apc),with conventionalandRAKE receiver (R); 576 ��p��TN .
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