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Abstract— In this paper, we proposethe introduction
of spacediversitytechniquesto thecodeacquisitionof an
indoor packetradio communicationsystemwith direct-
sequencespread-spectrumtechnique. In the proposed
scheme,the basestation has several radio ports each
with a cluster of antennas,and the mobile stationalso
has multiple antennas. As the result, we show great
performanceimprovementsby theproposedschemeunder
slow andflat Rayleighfadingandlog-normalshadowing
environment.
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In indoor environment,the radio wavesreflectedby
walls and furniture are relatively strong and they may
causemulti-pathfading. Sincethedelayspreadof indoor
environmentis oftenvery small,thefadingtendto beflat
whichcausesthedropof total receivedpower.

In addition to the fading, if the sight betweenthe
transmitterandthereceiveris interrupted,thesignalmay
encounterstrong attenuationcalled shadowing. These
multi-path fading and shadowingare known to be the
major factor of performancedegradationof indoor radio
systems[1][2].

To reducetheeffectof fadingandshadowing,weoften
usethespacediversitytechniquescategorizedinto micro-
scopicandmacroscopic.Microscopicantennadiversity,
in whichseveralindependentfadedsignalarereceivedata
clusterof antennasof aradio-port,is knowntobeeffective
for fading[3][4]. Macroscopicantennadiversityis usedto
reducethe effect of shadowingusingseveralradio-ports
whichisseparatedfromothersbyenoughdistancetomake
theshadowingstatisticsindependentfrom others[5].

In indoorDS/SSsystemswherethefadingenvironment
is severe,it is difficult to achievethe synchronizationof
pseudo-noise(PN) code. However, the introductionof
spacediversity techniqueshave beendiscussedmainly
for the improvementof error performanceafter the es-
tablishmentof the synchronizationbut not for the code
acquisitionitself.

The employmentof spacediversity techniqueat the
receiverfor theacquisitionof aDS/SSsignalis discussed
in [6][7]. In [8] and [9] the transmitantennadiversity
is introducedto the codeacquisitionof a DS/SSsignal.
Thesestudiesconsideres,however, only the microscopic
antennadiversityfor multi-pathfading.

In this paper, we use macroscopicantennadiversity
to the code acquisition of a DS/SS signal in addition
to microscopicantennadiversity. We assumea indoor
packetradiocommunicationsystem,andtheperformance
isevaluatedfrom theviewpointsof averagetimeof acqui-

sition,probabilityof successor failureof acquisition,and
necessarypreamblelength.
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Figure 1 illustrates the systemmodel of the indoor
wirelesspacketcommunicationsystemdiscussedin this
paper. We considerthe uplink communicationfrom the
mobilestationto thebasestation.A mobilestationhas�
transmittingantennaelementsandthe basestationhas �
macro-diversitybrancheswith a clusterof 	 antennas.

The channelis modeledas the product of Rayleigh
fadingandlog-normalshadowingcomponents[1], which
aremutually independent.It is assumedthat transmitter
antennasand also the receiverantennasin a clusterare
spacedeachotherby severalwavelengthsof the carrier.
Thus, eachpair of a transmitterantennasand receiver
antennashasstatisticallyindependentfadingbut theyare
influencedby the sameshadowing. We also assume
that an antennaclusterof eachmacro-diversitybranchis
separatedfrom othersby enoughdistanceto make the
statisticof shadowingeffectindependentfrom others.

At thetransmitter,thesamedatais transmittedfrom the� differentantennas.Thesesignalscanbedistinguished
by the PN codesassignedto eachtransmittingelements.
Thetransmittedsignalfrom the 
 -th transmitterantenna
is thengivenby������������ 2������� ������� cos� 0

� � (1)

where � is the total transmitpower, � � �"! � is thePN code
assignedfor the 
 -th transmitterantenna,and � 0 is the
angularcarrier frequency. The transmitpower at each
transmitterantennais normalizedby 1� � to keep the
total transmitpowerunity.

The receiverproposedin this paperis shownin Fig.2.

J macrodiversity branches

K antennas

M transmitter antennas

Fig. 1. Systemmodel
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Thereceivedsignalat the # -th antennain the $ -th macro-
diversitybranchof thereceiveris givenby%'& ()�*���+�-,.�0/

1

1
2�32 & ���54 � &6( � � ����798:&<;>="�! cos� � 0

�?7A@ � &( �>BDC &( ������ (2)

where 2 & is the shadowingattenuationbetweenthe
transmitterandthe $ -th macro-diversitybranch,and 4 � &6(
is the fading attenuationbetweenthe 
 -th transmitter
antennaandthe # -th antennaof the $ -th macro-diversity
branch. The initial phaseoffsets of the PN code and
carrier is denotedas 8E&F;>= and @:& � ( , where ;>= is a chip
duration.Weassumethatthelengthof each� PN codes
is G and ;IH�� G ; = where ;JH is bit duration. Additive
white Gaussiannoise(AWGN) of the # -th antennaof the$ -th branchis C & ( ����� , which haszeromeanandone-sided
spectraldensityof K 0. Sinceevery pair of transmitter
antennasandreceiverantennasin amacro-diversitybranch
haveapproximatelythesamedistances,it canbeassumed
that all the signalsarrive at 	 receiverantennasin a
macro-diversitybranchsimultaneously. Hence,in each
macro-diversitybranches,thephaseoffsetof PN code 8 &
is commonfor all overthe � and 	 antennas.

Theshadowingattenuationbetweenthetransmitterand
the $ -thmacro-diversitybranchisdescribedaslog-normal
shadowinghavingprobabilitydensityfunction,L�MON �'PQ��� 2 & 10 RTS U ; VXWZY

10 � (3)

where 2 & is the meanpath lossbetweenthe transmitter
and the $ -th macro-diversitybranchand [ �'P ; \ � is the
probability density function (pdf) of gaussdistributed
randomvariableswith zero meanand the variance \ 2,
representedas

[ �'P ; \ �?� 1]
2̂�\ exp _ 7 P 2

2\ 2 ` � (4)

We assumethat the meanpath loss betweena mobile
stationand every macro-diversitybranchesof the base
stationarethesamefor all $ .

Since the fading characteristicsof different pairs of
transmitterand receiverantennasare mutually indepen-
dent, the fading coefficient 4 � & ( is independentlyand

identically distributed(i.i.d.) Rayleighrandomvariable
with thepdfLbaOcdNTe �'PQ�+� 2P exp f 7gP 2 h Pji 0 for all 
 � $ � # �

(5)
wherethe meansquarevalueof 4 � &6( is assumedto be

unity.
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In the proposedscheme,the acquisitionis performed
using selectivemacro-diversityand combining micro-
diversity. In macro-diversity, wehaveto selectthebranch
with the largest receivedpower. In DS/SS systems,
however,wecannothaveaccuratemeasureof thereceived
poweruntil thesynchronizationof PNcodeis established.
So, in this paper, we first performedacquisitionof PN
codeusingthesamplesfrom � macro-diversitybranches,
andafterthisprocess,weselectoneradio-port.

A. Decision Variables for Code Acquisition
Theproposedacquisitioncircuit is shownin Fig.3,and

theIQ-MF in thisfigureis shownin Fig.4. In Fig.4,MF �
is the matchedfilter matchedwith the 
 -th PN code.
Since,weconsiderapacketradiocommunicationsystem,
theacquisitionprocessis expectedto becompletedduring
thepreambleof a packetwhich hasnodatamodulation.

In the acquisitioncircuit (Fig.3), the output of each
antennais fed to a bank of IQ-matchedfilters (Fig.4)
correspondingto � PN codesof the transmitter. The
output of the 
 -th IQ-MF for the # -th antennain $ -th
macro-diversitybranch(Fig.3(a))is representedasl � &6( �������m 1 �+2 & ���54 � & (<n � ���o798�&<;I="� cos@ � & (pBDCrq&X( �����'s 2

B m 1 �+2 & ���54 � & ( nt�����o798 & ; = � sin @X� & ( BDC>u& ( ����� s 2
(6)

whereC q& ( ����� and C>u&X( ����� is thenoisecomponentsat I and
Q branchesof IQ-MF respectively, and nv�w��! � is theauto-
correlationfunctionof 
 -th PN code. For simplicity, we
approximatethattheauto-correlationfunctionis a simple
trianglefunctiongivenbynt�w�'xy���{z}|)~��

0
� �Z��� � �'�g7Ax��:�O�

��� G �T;r=37�� xJ� � � xo����;I=
0 ;>=v��� xJ� for all 
 � (7)

and that the crosscorrelationbetweenthe different PN
codesare zero. In this paper, we use the term “sync-
timing”of $ -th macro-diversitybranchto refer the timing
that �3��8 & ; = , which is commonfor all 
 , # .

The output of eachIQ-MF in every branchesis then
summedupandwe havel &O�����?� ,.��/

1 �. ( / 1

l � &6(������ (8)

atFig.3(b).Thesesignalsaresampledtobefedto thecode
acquisitionlogic (Fig.3(c)). For simplicity, we assume
thatthesamplingis madeat thecenterof eachchip.
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B. Acquisition Process
The acquisitionlogic usesthesesamplesto find the

sync-timingandchoosethe bestbranchwith the follow-
ing algorithm,which consistsof searchandverification
modes.

1) The searchmodeemploysthe parallelsearchstrat-
egy. The samplesof � branchesfor G ;J= seconds,
thus ��G in total,arestoredin amemory.

2) The largestoneamongthe ��G samplesis selected
and consideredto be correspondingto sync-timing
of abranchtentatively, thentheacquisitionsystemis
turnedto theverificationmodeto testthishypothesis.

3) In the verification mode, the abovehypothesisis
examinedwith thereceivedsignalsat thebranchfor�

-bit duration(
� G ; = second).If thesampleis veri-

fied to beof sync-timing,theacquisitionis declared
andthebranchis selectedandusedfor demodulation
with thetiming of thissample,otherwise,thesystem
goesback to 1). In this paper,weassumethat the
verificationmodeworksideally [10][11].

C. Probability distribution of the samples

The probability density function (pdf) of the IQ-MF
output at the samplingtimings

l � &6( �'Cr; = � is given by
(9) and (10)[12], whereH1 representsthe casethat the
samplingtiming correspondsto the sync-timing,andH0
is the casethat the samplingtiming doesnot correspond
to thesync-timing.Lb� cdN�e �'P��H1

�3�������d�
2

�'P�� \Q� 2 �:� 2� & ( � 1� (9)Lb��cdN�e �'P��H0
�3�����r�

2

�'P�� \�� 2 � 1�X� (10)

where

� 2� &( � 4 � &6( 2 G 2 ;�= 2 �+2 &� \ � 2 � K 0 G ;I=
2 � (11)

In theaboveequations,� ���d�
2
�'P��X!��X!��:C>� and � �Q� 2

�'P��X!���C>�
arethepdfof noncentralandcentralchi-squaredistribution
with 2C degreesof freedomrespectively[13].

Next, let us considerthe pdf of the samplesusedin
the acquisitionlogic, i.e.

l & �'Cr; = � . Sincethe samples
at Fig.3(c) is the sum of ��	 i.i.d. chi-squarerandom
variables,eachwith 2 degreesof freedom,the samplesl &O�ZCr;�="� follow chi-squaredistribution with 2��	 de-
greesof freedomasfollows.L � N �'P��H1

�?��� ���Q�
2
�ZP�� \ � 2 �:� 2& � ��	 � (12)L �>N �ZP��H0

����� � �
2
�'PJ� \ � 2 � ��	 � � (13)

Theparameter� 2& is� 2& � ,.�0/
1 �. ( / 1

4 � &X( 2 G 2 ; = 2 �32 &���� & G 2 ; 2= ��2 &� � (14)

wherethe value � & is the sum of 4 2� &( all over the 

and # , thatis, � & ��� ,��/

1
� � ( / 1 4 � & ( . Sinceeach4 � &(

is Rayleigh distributed random variable, the value � &
becomescentral� 2 randomvariableswith 2� 	 degrees
of freedom,andhasprobabilitydensityfunctionL�¡ON �'PQ�+��� � �

2

�'P�� 1� 2 � �{	 � for all $ � (15)
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A. Measures of Performance

In this paper, we evaluatethe performanceof the pro-
posedschemeby thefollowing threemeasures.

1) Mean Acquisition Time
Meanacquisitiontimehasbeenmostwidely usedas
themeasureof performanceof acquisitionschemes.
This is theexpectationof thetime neededto acquire
the timing of PN codewhenthe preamblelengthis
enoughlarge.

2) Misacquisition Probability :
L ��£ ='¤

In packetradiocommunications,theacquisitionmust
be completedwithin a preambleof a packet,or the
packetwill be lost. Thus, as one of performance
measures,we introducemisacquisitionprobability
which is the probability that the acquisitioncircuit
cannotacquirethetiming of PN codewithin a given
preamblelength, K¥G ; = .

3) Required Preamble Length : K§¦"¨ ¤
From the viewpoint of the efficiencyof the channel
capacity, the preamblelengthshouldbe asshortas
possible. Thus, we employ the preamblelength
requiredto acquirethe timing of PN codewith the
probability more than

L £ ='¤ asanotherperformance
measure.

B. Mean Acquisition Time

In thissubsection,we derivethemeanacquisitiontime
of the proposedschemein a similar way to [12]. The
state transition diagram is shown in Fig.5. The state
“S” representsthe condition that the acquisitioncircuit
is detectingthe timing correspondingto the sync-timing,
and the state“Acq”, which is the sole absorbingstate,
representstheconditionthattheacquisitionis completed.



In this figure, © 1
�'ªO� denotesthe generatingfunction of

the correct decision through the searchmode and the
verificationmode,and © 2

�'ªO� denotesthat the candidate
of the searchmodeis rejectedin the verificationmode.© 1

�Zª�� and © 2
�'ªO� aregivenby© 1

�'ªO�?� Lb« ªO¬®�¯ 1 ° |)~ � (16)© 2
�'ªO�?�{� 1 7 L « �:ª ¬®�¯ 1° |�~ � � (17)

where
L «

denotestheprobabilitythattheselectedsample
in the searchmodecorrespondsto a correctsync-timing
of amacro-diversitybranch.

Using thesefunctions, the generatingfunction of the
acquisitiontime is obtainedas© �'ªF�3� © 1

�ZªO�JB © 2
�'ªO� © 1

�'ªO�>B © 2
2 �'ªO� © 1

�'ªO�>B{!X!X!� © 1
�ZªO�

1 7 © 2
�'ªO� � (18)

Wecanseethattheacquisitionprobability © � 1��� 1when
thelengthof thepreambleis infinite. Theacquisitiontime
is a randomvariabledueto noise,andtheaverageof this
is givenby ; £ =Z¤�� ��)ª ln © �Zª)�<� ± /

1
� (19)

where P meansensembleaverageover the noise. With
(16)-(18),(19)becomes; £ ='¤ � 1 B �L « G ; = � (20)

Thedetectionprobability
L «

is theprobabilitythatthe
samplecorrespondingto sync-timingis largerthanother� � G 7 1� samples.

1) � � 1
Whenwedonotusemacro-diversityin thebasestation,

thedetectionprobability
L «

is representedasL « ��z³²
0

L �
1
�'´��H1

�gµTzD¶
0

L �
1
�'Po�H0

�:�)PO· |>¸ 1 �)´ �
(21)

From(12)-(14),(21) becomesL « � � 1
� 2 1

�+� z ²
0

� �0�Q�
2
�'P�� \ � 2 �¹� 1 G 2 ; 2= �32 1� � ��	 �

! µ zA¶
0

� �r�
2
�ZP�� \ � 2 � �{	 �E�)P · |>¸ 1 �)´ � (22)

In this equation,we notice the detectionprobability
L «

is the function of � 1 and 2 1 in fading and shadowing
channel.

G  (z)2

G  (z)1 AcqS

Fig. 5. Transitionstatediagram

Thus,themeanacquisitiontime is representedas

E º ;�£ =Z¤�» � z³²¸I² zD²
0

� 1 B � � G ; =L « �ZP���´O� L ¡
1
�ZPQ� L M

1
�'´��E�)PQ�)´d�

(23)
whereE º P » denotesthe averageover the attenuationdue
to fadingandshadowing.

2) � i 2
Whenthemacro-diversityis in usein thebasestation,

the detectionprobability
L�«

can not be derivedeasily.
Thus,in this case,we calculatethemeanacquisitiontime
by simulation.

C. Misacquisition Probability and Required Preamble
Length

When � � 1, the misacquisitionprobability is repre-
sentedasL ��£ ='¤ � z�z L ¡

1

�'PQ� L M
1

�'´�� f 1 7 Lb« �'PJ��´O� h½¼1 ¾O¿ �)PQ�O´I�(24)

and we can find the requiredpreamblelength K ¦6¨ ¤ by
increasingK until (1 7 L ��£ ='¤ �+À L £ ='¤ if fulfilled.

When � i 2, the misacquisitionprobability and re-
quiredpreamblelengthis notderivedeasily, sowederive
theseperformancesby computersimulation.
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We calculatethe performanceof the proposedscheme
underthefollowing conditions.Â Lengthof PN code: G � 63.Â Time requiredin the verification mode :

� G ; = =
4G ; = .Â Standarddeviationof shadowingattenuationin dB :\rÃ � 8.[2]

We definetheaveragechip energyÄ = asthemeanvalue
of the total receivedpower within one chip duration
at all the macro-diversitybranches,and is denotedasÄ = � ÄÅº � ; = 2 & » � � ; = 2 & .

The meanacquisitiontime, the misacquisitionproba-
bility, and the requiredpreamblelengthof the proposed
schemeareshownin Fig.6,Fig.7,andFig.8,respectively.
In Fig.7, we assumethat the length of the preambleis
40bits,andin Fig.8,we assumethattherequiredacquisi-
tion probability

L £ =Z¤ is 99.9%.
Fromthesefigure,it canbeseenthatthemacro-diversity

andthe receiveantennadiversity offer a substantialper-
formanceimprovement. Thesefigures also show that
the transmitantennadiversity improvesthe performance
when the number of the receiver antennais one andÄ = �FK 0 is large. This is theresultof the tradeoffbetween
the protectionagainstmulti-path fading by transmitan-
tennadiversity and the noncoherentcombiningloss due
to thedispersionof the transmittedpower. When Ä = � K 0

is large,the former factor influenceslarger, andthe latter
dominateswhen Ä = ��K 0 is small. We also notice that
the transmitantennadiversity is moreeffectivewhenthe
macro-diversityis in use. Whenmacro-diversityis used,
theselectedradio-portorbranchcanbeexpectedtoreceive
relatively largesignals,hencetheeffectof thedispersion
of the transmittedpowerdoesnot influenceso much. If
the receiverusesplural antennas,however,the transmit
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antennadiversity doesnot improve the performance,as
the fading can be mitigated to someextenteven when� � 1 with thereceiveantennadiversity, andadditional
transmitantennadiversity only introducesthe noncoher-
entcombininglossdueto thedispersionof thetransmitted
power.
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In this paper, we proposethe introductionof macro-
scopicreceiverantennadiversitytechniquefor theacqui-
sition of PN codeof a direct-sequencespread-spectrum
signaltogetherwith microscopictransmitterandreceiver
antennadiversity techniquesfor the uplink of an indoor
radio system. From the numericalexamples,we have
shown that both the macro and micro receiveantenna
diversityarevery effectivein the acquisitionof PN code
of aDS/SSsignalunderslowandflat Rayleighfadingand
log-normalshadowingenvironment.Wehavealsoshown
thatthetransmit(micro)antennadiversityis alsoeffective
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