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Abstract—
A CDMA unslotted ALOHA system using MMSE multi-user

detectionis proposed. In CDMA unslotted ALOHA system,a user
station can transmit a packet asynchronously, and sothe number of
simultaneouslytransmitted packetsfluctuates moment by moment.
This fluctuation affects the performance of the MMSE multi-user
detection. At first, we employ the Wiener filter detector assuming
perfect information as an upper bound of the performance of the
proposedsystem. Then, we apply an adaptive filter to CDMA
unslottedALOHA to compensatefor the birth/death of a packet.

I. IN� TRODU
	

CTION
�

A Code-DivisionMultiple-Access(CDMA) ALOHA,
which is a connectionless-typeof CDMA packetcommu-
nicationsystem,hasdrawn much attentionfor wireless
datacommunicationsbecauseof featuressuchasrandom
accesscapability, the potential for high throughputper-
formanceand low peakpower transmission.Moreover,
CDMA unslottedALOHA (CDMA U-ALOHA) systems
have the advantageof not requiring synchronisationof
thepackettransmissionssinceinitialisation occursat the
beginningof a slot in slotted systems. Many authors
(e.g. [1]–[3]) have investigatedimproving the system
performancebeyondthatof theconventionalreceiver[3].

In aCDMA system,multipleaccessinterference(MAI)
is an importantobstacleto overcome.In orderto reduce
theeffectof MAI, severalmulti-userdetectiontechniques
havebeeninvestigated[4], [5]. Most of these,however,
focuson non-packetdata,andmulti-userdetectiontech-
niquesareseldomappliedto CDMA U-ALOHA because
otherproblemsarise.Oneof themostimportantproblems
is thebirth/deathscenariobecausepacketsaretransmitted
randomlyandintermittently.

In this paper, we proposeto apply theminimum mean
squareerror (MMSE) multi-userdetectiontechniqueto
CDMA U-ALOHA and evaluatethe throughputperfor-
manceof our proposedsystem. At first, we employthe
Wiener filter receiverunder the perfect information as-
sumption,which meansthat all information requiredfor
the Wiener filter is known even if a packetbirth/death
occurs. This correspondsto the upperboundof the per-
formanceof a CDMA U-ALOHA systemusing MMSE
multi-user detection. Then, we apply the adaptivefi-
nite impulse response(FIR) filter receiver to CDMA
U-ALOHA to compensatefor thebirth/deathof a packet.
The useof adaptivealgorithmsis not only motivatedby
the time-varying channelbut also by the dynamicuser
profile [6]. Wealsoevaluatethethroughputperformance
takinginto accountthepossiblebirth/deathof a packet.

In SectionII, wedescribethesystemmodel. In Section
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Fig. 1. Systemmodelof aCDMA unslottedALOHA system.

III, the MMSE multi-user receiverstructureat the hub
station is explained. In Section IV, we evaluatethe
throughputperformanceanddiscussthe results. Finally
someconclusionsarepresentedin SectionV.

II. THE S



YSTEM MODEL

Figure 1 showsthe systemmodel of the CDMA U-
ALOHA system.This consistsof a singlehubstationand
anunspecifiednumberof userstations.Eachuserstation
transmitsa packet to the hub station by one hop, and
we only considerup-link packetaccess.The hub station
receivespacketsata ratewhich follows aPoissonprocess
with a birth rate � . The length of eachpacketis fixed.
Eachpacketconsistsof a preamblesequenceof �� bits
anda datablocksequenceof ��� bits,sothewholepacket
lengthis ����� �� � � bits. Thepreambleisemployedasa
trainingsequencefor theadaptivefilter. Theofferedload�

is definedas the averagenumberof packetgenerated
duringonedataduration� � ��� ����� , where � is thedata
rate,andmay be expressedas

� ����� �!� . The offered
loadcorrespondsto thetraffic intensityof generateddata.
The throughput" is alsodefinedasthe averagenumber
of successfulpacketsduringonedataduration,andis our
mainperformancemeasure.

Binary phaseshift keying (BPSK) is assumedas the
modulationscheme. Eachpacket’s data is then spread
with a uniquely assignedrandomsignaturesequenceof
length # chips. We assumethatall packetsarereceived
with equalpowerandall databit errorsarecausedby the
effectof MAI andadditivewhiteGaussiannoise(AWGN).
Thereceivedwaveformof the $ th usermaybeexpressed
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Fig.2. Thechip-levelWienerfilter receiverstructureat thehubstation.
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where / is the receivedpower of each user’s signal
( /J�LKNM � � , where KOM is the bit energyand � is the bit
interval), 7 & 'P:P+NQ � � 1 R @ 1 � is the : th bit of the $ th user,= & '*),+ is a binary spreadingwaveform, E G is the carrier
frequency, BS& is thetransmissiondelay, and I & is thecarrier
phase. The transmissiondelay B & and the carrierphaseI & aretakento be independentanduniformly distributed
over0 T B &VU � and0 T I &VU 2W , respectively. These
valuescanbeassumedto beconstantduringreceptionof
thepacketbecausepacketlength is generallyvery short.
Without loss of generality, we can assumeB 1 � 0 andI 1 � 0. Thespreadingwaveformmaybeexpressedas= & '*),+ �YX 5

11Z[3
0

= &[\ ZS](^`_ '*)a@cb � G + , (2)

where= &�\ Z Q � � 1 R @ 1 � is the b thelementof thespreading
sequencefor the $ thuser, � G is thechipinterval,and](^`_ '*),+
is therectangularchipwaveformexpressedas] ^ _ '*),+ �ed 1 ' 0 T ) U � G +

0 otherwise
. (3)

Then the receivedsignal at the hub station may be
expressedas %D'*),+ �gf1& 3

1

% & '*),+ �ih '*),+ , (4)

where j is the number of simultaneouslytransmitted
signals, h '*),+ is the AWGN signal with power spectral
density# 0 � 2.
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In thissection,two typesof MMSE multi-userdetectors
areexplained.Oneis theWienerfilter receiver, which is
employedto obtainanupperboundon theperformanceof
theCDMA U-ALOHA systemusinganMMSEmulti-user
detector. Theotheris theadaptivefilter receiver, which is
employedto compensatefor thebirth/deathof a packet.

A. Wiener Filter (Perfect Information Case)

We focus on the 1st user. A chip-level Wiener FIR
filter receiverstructureis shownin Figure2. After down-
convertingthe receivedsignal to baseband,it is passed
througha chip matchedfilter andsampledat the endof
everychip interval � G . The l th normalizedsampleof the

: th bit at the outputof the chip matchedfilter of the 1st
usermaybeexpressedas%�m n op';:<+ �rq 2/ 1� Gtsvu nxw 1y ^ _ w 2z^n ^9_ w 2{^ %D'*),+ ] ^ _ 'F),+ cos'FE G ),+>|}) .

(5)
Let ~ ';:P+ � ';% m 0o ';:<+ R �[� �[R % m X 5

1o ';:<+>+ ^ be the vector
of received samples of the : th bit, and � & �';= &[\

0 RS� �[� R = &�\ X 5
1
+ ^ be the vectorof spreadingsequence

of the $ th user. The vectorof the receivedsamplesmay
beexpressedas[7]~ ';:<+ � 7 1

';:<+ � 1 � f1 & 3
2 7 & ';:<+ cosI &���& ';:<+ ��� ';:<+ , (6)

where
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and � ';:<+ is the AWGN vector, whoseelementis inde-
pendentGaussianrandomvariableswith zeromeanand
varianceof � 2 � ' 2K M � # 0 # + 5 1. Also the delay BS& is
written as B & � ] & � G � � & , where ] & is an integerand
0 T � & U � G .

Thereceivedsamplesarefedinto thechip-levelWiener
FIR filter, which has # taps. Thetapweightvector � of
this filter is calculatedaccordingto the MMSE criterion.
It is givenby thesolutionto theWienerequation[8]� ���8� , (9)

where
�

is theautocorrelation#��V# -matrixof theinput
signal,and � is thecrosscorrelation# -vectorof theinput
signal with the desiredsymbol. The crosscorrelation
vectoris givenby [7] �8��� 1. (10)

Theautocorrelationmatrix is givenby [7]� ��� 1 � ^1 � f1 & 3
2

' cosI & + 2 KV� � & 'P:P+ � & ';:<+ ^!� � � 2 � X���X ,

(11)
whereK�� �?& ';:<+ �(& 'P:P+ ^!� � 1

2 � � &� G � u�� � w 1 y& � � 1 @ � &� G9� � ux� � y& �
� � &� G � u�� � w 1y& � � 1 @ � &� G � � u�� � y& � ^
� 1

2 � � &� G ˆ� u���� w 1y& � � 1 @ � &� G � ˆ� u���� y& �
� � &� G ˆ� u�� � w 1y& � � 1 @ � &� G � ˆ� u�� � y& � ^

(12)
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Fig. 3. Adaptivefilter receiverstructureat thehubstation.

and � X���X is an #�� # unit matrix.
The outputsof the FIR Wiener filter are sampledat

the endof eachbit interval � , and demodulatedby the
thresholddevice.

In orderto obtain the tap weightsof the Wienerfilter,
informationsuchasthespreadingsequences,carrierphase,
andtransmissiondelayof eachusermustbe known. We
furtherassumethatall this informationis knownevenif a
packetbirth/deathoccurs.Underthis assumption,we can
obtaintheupperboundof theproposedsystem.

B. Adaptive Filter

An adaptiveFIR filter receiverstructureis shown in
Figure 3. In the sameway as the caseof the Wiener
filter, receivedsignalsarepassedthrougha chip matched
filter and sampled. Thesesamplesare fed into an # -
tap adaptivefilter. The tap weights of this filter are
adjustedaccordingto an adaptivealgorithm. We use
the two most popular adaptivealgorithms, least mean
squares(LMS) and recursive least squares(RLS) [8].
During receptionof thepreamble(trainingsequence),the
outputsof the training sequencegeneratorare usedas
referencesignals. After this training period, the outputs
of the thresholddeviceareusedto adjustthe tapweights
(decisiondirection).

We assumethat only the information requiredfor the
adaptivealgorithmsuchasthetimingof thedesiredpacket
andthe training sequenceis known. The birth/deathof
interferingpacketsis thereforeunknown. Even so, the
adaptivefilter has a possibility to compensatefor the
birth/deathof apacket.

IV
¡

. RESU
	

LTS

In this section,thesystemperformanceof theproposed
systemis evaluatedby MonteCarlosimulation.

Figure4 showsthe throughputperformanceof CDMA
unslottedALOHA usingthe Wienerfilter receiverunder
perfectinformationassumptionwith parameters#¢� 60,K£M � # 0 � 10dB,and����� � � 500bits. Forcomparison,
the throughputof a conventionalsystem, in which a
matchedfilter is usedto despreadthe receivedsignal, is
also shown. From this figure, it can be seenthat the
throughputof a systemusing a Wienerfilter is about4
times as high as that of the conventionalmatchedfilter
detectionsystem.By usingtheMMSEmulti-userdetector,
asignificantimprovementin throughputcanbeobtained.

Next, we discussthe performanceof our proposed

0

5

10

15

20

25

0 10 20 30 40 50

Wiener Filter

Conventional System
(Matched Filter)

T
h

ro
u

g
h

p
u

t
S

Offered Load G

N=60
Eb/No=10 dB
L=L  =500 bitsd

Fig.4. Throughputperformanceof CDMA unslottedALOHA usingthe
chip-levelWienerfilter assumingperfectinformation.

0.01

0.1

1

0 50 100 150 200 250
Number of Iterations

E
ns

em
bl

e-
av

er
ag

ed
 s

qu
ar

ed
 e

rr
or

desired
packetdatatraining

5

interfering
packets

Theoretical boundN=60
Eb/No=10 dB
L  =50 bitst

RLS      =0.99
LMS     =0.0001

0.0005
0.001

µ
α

Fig. 5. Convergenceproperties considering packet birth/death
( ¤6¥>¦�§ 0 ¨ 10 dB).

systemtakinginto accountthebirth/deathscenario.
Figure5 showsthe squarederror (ensemble-averaged

over 1,000trials) of variousalgorithmsfor KOM � # 0 � 10
dB. Convergencecurvesof the RLS algorithm with a
forgettingfactor ©ª� 0 « 99 and the LMS algorithmwith
severalstepsizes¬ areshown. Also shownin the lower
partof thefigureis thepatternof packetgeneration.In this
pattern,thereisonedesiredpacketwith atrainingsequence
of 50 bits, 5 constantinterferingpackets,oneinterfering
packetgeneratedat the100thiteration,andoneinterfering
packetwhich finishesat the 200th iteration. Exceptfor
thecaseof LMS with ¬ � 0 « 0001,theensemble-averaged
squarederror convergesduring the training sequence.
Becausethe effect of AWGN is larger than that of a
birth/deathof a packet,the convergenceis not strongly
affectedby abirth/deathevent.

Figure6 showsthethroughputperformanceof CDMA
unslottedALOHA usingan adaptivefilter receiverwith
parameters#¢� 60, K M � # 0 � 10dB, � � � 500bits,and�  � 50 bits. As canbe seen,the throughputof mostof



0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 40 50

N=60
Eb/No=10 dB
L  =500 bits
L  =50 bits

d

t

Offered Load G

T
h

ro
u

g
h

p
u

tS
Wiener Filter
RLS(    =0.99)
LMS(    =0.0001)
        (    =0.0005)
        (    =0.001)
Conventional

µ
µ
µ

α

Fig. 6. Throughputperformanceof CDMA unslottedALOHA using
variousadaptivefilters ( ¤ ¥ ¦�§ 0 ¨ 10 dB).

Number of Iterations

E
ns

em
bl

e-
av

er
ag

ed
 s

qu
ar

ed
 e

rr
or

desired
packetdatatraining

5

interfering
packets

Theoretical bound

0.001

0.01

0.1

1

0 50 100 150 200 250

N=60
Eb/No=20 dB
L  =50 bitst

RLS      =0.99
LMS     =0.0001

0.0005
0.001

µ
α

Fig. 7. Convergenceproperties considering packet birth/death
( ¤ ¥ ¦�§ 0 ¨ 20dB).

theadaptivefilters is betterthanthat of the conventional
system. Moreover, the throughputof the RLS is only
slightly better than that of the LMS. The throughputof
all theadaptivefilters is, however, muchworsethanthat
of the Wienerfilter, but the parametersto calculatethe
Wienerfilter solutionarenot readilyaccessible.

In the caseof K M � # 0 � 10 dB, the effect of a packet
birth/deathon the convergencepropertiesis not clearly
seen,sowenextconsiderconvergencepropertiesin a low
noiseenvironment( K�M � # 0 � 20 dB), shownin Figures
7 and 8. The samepatternof packetgenerationas in
Figure5 is usedin Figure7, from which the effect of a
packetbirth/deathcanbeseenmoreclearly. Toemphasise,
considerFigure8, in which thereare5 interferingpackets
generatedat the100thiteration,and5 interferingpackets
whichfinish at the200thiteration. Theeffectof a packet
birth caneasilybeseenin thefigure,sincetheensemble-
averagedsquarederror increasessuddenlyat thepoint of
packetbirth. Ontheotherhand,packetdeathdoesnothave
asstrongon influenceon theconvergenceproperties,and
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ensemble-averagedsquarederror decreasesonly slightly,
asobservedpreviouslyin [6] and[9]. This observation
maybeexplainedby consideringthepointof packetbirth.
There,a new sourceof interferenceto the adaptivefilter
is generatedandthusthetheensemble-averagedsquared-
error increases.On theotherhand,at thepoint of packet
death,this interferenceis removed,andthustheensemble-
averagedsquarederroris not increased.Moreover, useof
anadaptivefilter cancompensatefor thedeathof apacket,
andsotheensemble-averagedsquared-erroris decreased.

Figure 9 showsthe correspondingthroughputperfor-
mancefor K M � # 0 � 20 dB. The throughputof the RLS
is now almost 3 times as high as that of the conven-
tional (matchedfilter) system,while thethroughputof the
LMS is almosttwice thatof theconventionalsystem.As
comparedwith the caseof K M � # 0 � 10 dB, significant
improvementis obtainedat thehighSNR.
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Wehaveproposedtheapplicationof theMMSE multi-
user detectionto the CDMA U-ALOHA system, and
evaluatedsystemperformanceundertwo situations.The
first is theperfectinformationcaseandtheotheris using
an adaptivealgorithm to adjust the filter tap weightsto
compensatefor a packetbirth/death. As a result, sig-
nificant improvementsin throughputhavebeenachieved
with the proposedsystemunderthe perfect information
assumption.Evenemployingan adaptivefilter andcon-
sideringthe effect of birth/deathevents,the throughput
performanceis improvedalthoughnot to thelevel of that
for perfect information. We have also shown that the
ensemble-averagedsquarederror increasesat thepoint of
packetbirth, anddecreasesat thepointof packetdeath.

Asafutureextensionof thiswork,theuseof interleaving
andforward errorcorrectioncodingtechniques[10] may
provebeneficial,sincesuchtechniquesmay be expected
to mitigatethemomentaryincreasein ensemble-averaged
squarederrorcausedby packetbirth.
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