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ABSTRACT

A handshakingprotocolfor radiolocationis consideredus-
ingDS-CDMApackettransmission.Theexpectation- max-
imization (EM) algorithm is employed for codedelayac-
quisition. It is shown that the systematicapplicationof
EM on theflat-fadingchannelyieldsa parallelinterference
cancellation(PIC)-basedtechniquefor acquisition.On the
frequency-selective channel,it is necessaryto jointly esti-
mateboth the codedelaysandmultipathcoefficients. The
EM approachin this latter caseyields an algorithm that
combinesPICwith aneigendecomposition/eigenvaluemax-
imizationstepfor channelidentification.

1. INTRODUCTION

A handshakingprotocol(HP)basedon transmissionof DS-
CDMA waveformsis consideredfor radiolocation. In the
HP (e.g. [1]), a masternodetransmitsa request-to-send
(RTS) waveform to multiple referencenodes,which have
knowledgeof absoluteand/orrelative position. Upon re-
ceptionof theRTSwaveform,eachreferencenodeimmedi-
atelytransmitsa DS packet. Themasternodemeasuresthe
time-of-arrival of all packets,andthusdeterminesrangeto
thereferences.A navigationmessageis alsosuperimposed
on theDS packetwith eachreference’sposition.

Theestimationof referencecodetime-of-arrival is hin-
deredby the near-far effect – dueto the designof the HP,
power control is not feasible.The joint estimationof code
delayshaspreviously beenconsideredin the CDMA lit-
erature,usingalgorithmssuchasMUSIC [2] andchannel
subspaceidentification[3]. Here,a new algorithmfor mul-
tiusercodedelayestimation(MCDE) basedonexpectation-
maximization[4] is presented.It is shown that systematic
applicationof theEM techniqueto MCDE leadsto a paral-
lel interferencecancellation(PIC)structure.

Thesequelis organizedasfollows. Signalandchannel
modelsfor the radiolocationchannelarepresentedin Sec-
tion 2. TheEM MCDE algorithmfor flat fadingchannelsis
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developedin Section3 andextendedto frequency-selective
fadingin Section4. Simulationresultsandconclusionsfol-
low in Sections5 and6, respectively.

2. SIGNAL AND CHANNEL MODELS FOR
RADIOLOCA TION

Following receptionof theRTSsignals,themasternodere-
ceivespacketsof length

�����
symbolsfrom � reference

nodes,describedby thelowpassequivalentreceivedsignal���
	���
 (1)������� ��� ��� ��������� ���! �#" �%$ � �
&'��( � �)	�*!&,+-*,./+102*3+ � � �54 �
	�� ,
where( � �)	�� is the 6 -th referencenode’sDSwaveform,with
support 7 8/9 +:� s.,and ; $ � �
&'�=< is the 6 -th referencenode’s
navigationmessage.Thefrequency-selectivechannelismod-
eledbyatappeddelaylinewith spacing+10 s.,where

�?> �A@B+10C�
is the approximatesignalbandwidth,and  ��" �ED5F arethe
pathgainsfrom referencenode 6 to the masternode. The
additive thermalnoise

4 �
	�� is circularwhite Gaussianwith
bilateralspectraldensity @BG � .

The received waveform ���
	�� is sampledat the Nyquist
rate

��> + 0 , andsymbol-lengthvectorsof G 0 
H+ > + 0 sam-
plesareformed,denotedby I � 4 � D,F ��J anddefinedbyI � 4 �2
7 ��� 4 GK0L+10L� 9 ����� 4 GK0 �M� �N+10=� 9POQOQOR9 �����S� 4T�U� �VGK0W* � �V+10L�YX[Z .

Theresultingvectorreceivedsignalis givenby

I � 4 �2
 ���L��� �� \ �1� $ � � 4 *^]A�S_ � �
+ � *^]
+:��` � �ba � 4 � , (2)

wherethesignalmatrix _ � �)c/� DTF � JPd � � is definedby_ � �
c/�2
 7 e � �
c/� 9Se � �)c � + 0 � 9POQOPO�9Se � �
c � �)Ggfh* � �N+ 0 �YX ,
and ` � 
 7  �#" � 9QOQOPO  ��" ������� X Z is thechannelvectorfor ref-
erencenode 6 . Thesignalvectorse � �)c/� D!F � J arein turn



definedbye � �
c/�2
 7 ( � �V*ic/� 9 ( � �
+ 0 *3c/� 9QOPOQOR9 ( � ���)G 0 * � �N+ 0 *3c/�NX Z .

Thenoisevector
a � 4 � is circularGaussianwith covariance

matrix j�kl�m .
3. EM MCDE ALGORITHM – FLAT FADING

Thejoint ML solutionfor thedelays; + � < requiresexhaus-
tive searchover thehypercube7 8/9 +:� � . TheEM algorithm
replacesthis exhaustive searchwith iterationsof � inde-
pendentsearchesover the intervals 7 8n9 +:� . The EM algo-
rithm is first developedfor flat fading, in which casethe
channelvector̀ � becomesascalar � , andtheproduct � $ � �
&'�is modeledasasinglecomplex coefficient o � �)&p� D,F . Fol-
lowing [5], a hiddendataset at time

4
is definedby the

signalvectorsI � � 4 �W
 �� \ ��� o � � 4 *^]A� e � �)+ � *^]
+:� �ba � � 4 � , (3)

for 6 
 � 9POQOQO�9C� . Thenoisevectors
a � � 4 � aremutuallyin-

dependentwith variancesq � j�kl m . The q � form aprobability
vector[5].

TheEM algorithm[5] is compactlywritten astheitera-
tionrhsut � 9Cv � sut � 
 o �#whxzy?{| " }#~'� � r 9Sv �^� rhs 9Sv � s � , (4)

where� � r 9Sv � � r s 9Cv � s �W
 (5)�������%� .�� I � 9�;PI �� < � r 9Cv � � � I � 9 r s 9Cv � s=� .

Thevectorsandsequencesin (5) aredefinedbyr 
 7 + � 9POQOQO�9 + � X Z 9v � 
 ;�v � 8 � 9Cv � � � 9QOPOQO19Cv � � �L< 9v �
&'��
 7 o � �)&p� 9QOQOPO19So � �
&'�YX Z 9I � 
 ;#I � 8 � 9QOPOQO�9�I � � �=< . (6)

Thecorresponding� -th EM iterationestimatesare

r s
, v � s .

In order to evaluatethe objective function � ��� � �%� (5),
thefollowing conditionalmeanis required.I s � � 4 �W
 � ;#I � � 4 � � I � 9 r s 9Sv � s < . (7)

Note that I � � 4 � is independentof I �
&'� for
4��
�& , when

conditionedon

r s 9Sv � s . ThenI s � � 4 ��
�� � * q � � �� \ ��� o s � � 4 *!]�� e � �
+ s� *!])+:� � (8)

q �3�� I � 4 ��* ��L�V��R� �� \ ��� o s � � � 4 *!]�� e � � �)+ s� � *!])+:���� .

Notethat(8) incorporatestheprior estimateof the 6 -th sig-
nal with weight � � * q � � , anda PIC termsubtractedfromI � 4 � proportionalto q � .

Theobjective function(5) is readilyshown to equalthe
following

� � r 9Sv � � r s 9Sv � s �W� (9)���L��� ��l �1� @B���:� �� \ �1� o� � � 4 *!]�� e � �
+ � *!])+:�V¡ I s � � 4 �?¢* ��� �� \ ��� o � � 4 *^]A� e � �
+ � *^]
+:� �u� k .
A similar objective function wasconsideredin [6]. Here,
theunconstrained estimateof v � is used,which leadsto a
simplerupdatefor thedelays

r
asfollows. Differentiation

of (9) w.r.t. o � � 4 � yieldsthefollowing solution,notingthate � �
+ � � ¡ e � �
+ � *3+£�W
 8 .
o s�t �� 
 �� �3¤ e � �)+ � � ¡ I s � � 4 � � e � �)+ � *3+:� ¡ I s � � 4¥�U� �N¦ ,

(10)

where
� � 
 ��� e � �
+ � � �u� k � ��� e � �)+ � *�+:� ��� k is the signal

energy. Substitutionof theamplitudeestimateo sut �� , which
is implicitly a functionof

r
, into theobjectivefunction(9),

finally yieldsthefollowing separableupdatefor thedelays.+ s�t �� 
 (11)

arg x§yB{Z�¨ ��l ��� � e � �)+ � �V¡ I s � � 4 � � e � �
+ � *3+£�V¡ I s � � 4©�M� � � k ,
The update(11) can be interpretedas computingthe

maximumof theenvelopeof theoutputof afilter matchedtoe � �
+ � � , over + � D 7 8n9 +£� , wherethefilter input is obtained
via parallelinterferencecancellation.

4. EM MCDE ALGORITHM –
FREQUENCY-SELECTIVE FADING

Whenfrequency-selectivefadingispresent,thesignalmodel
(2) is employed,wherè � is thevectorof Ggf channelcoef-
ficients.Themultipathspread�AG f * � �V+10 is assumedto be
muchsmallerthanthesymbolduration+ , thusintersymbol
interference(ISI) canbeneglected.Thehiddendatais then
givenby

I � � 4 �2
 �� \ ��� o � � 4 *^]A�C_ � �)+ � *^]
+:��` � �ba � � 4 � , (12)



for 6 
 � 9QOPOQOª9S� . Following a similar analysisleadingto
(9), theEM objective functioncanbeshown to equal

� � r 9Cv � ` � r s 9Sv � s 9 ` s �W� ���L��� �q � j kl (13)

@B���:� ��l ��� �� \ �1� o � � 4 *!]��   `P¡� _ � �
+ � *!])+:�V¡ I s � � 4 �?¢* ��l ��� �� \ ��� ��\ ����� ;Po � � 4 *!]��  Lo � � 4 *!]A«u�?¬`P¡� _ � �
+ � *!])+:�V¡£_ � �)+ � *^])«u+:��` �/­ .

Theestimatedhiddendata,I s � � 4 � is derivedsimilarly to (8),
andalsohasanembeddedPIC step.I s � � 4 �W
�� � * q � � �� \ ��� o s � � 4 *^]A�C_ � �)+ s� *^]
+£�V` s� � (14)

q � �� I � 4 ��* ��L�N��R� �� \ ��� o s � � � 4 *!]��S_ �L� �)+ s� � *!])+:�V` s� � �� .

The unconstrainedestimatesof the data v � are com-
puted,and insertedinto the objective function (13) to ob-
tain a maximizationstepin termsof thechannelvectors̀ � .
Theseestimatesarein turn,o sut �� �
&'�W
 (15)` ¡��® _ � �
+ � � ¡ I s � �
&'� � _ � �
+ � *3+:� ¡ I s � �)& �U� �S¯` ¡� 7 _ � �)+ � � ¡ _ � �
+ � � � _ � �)+ � *!+:� ¡ _ � �
+ � *^+:�YXP` �` s�t �� 
 o �Pw�xzy?{° ¨± �l ���:²² ` ¡� ® _ � �
+ � � ¡ I s � � 4 � � _ � �
+ � *!+:� ¡ I s � � 4¥�M� ��¯ ²² k` ¡� 7 _ � �)+ � � ¡ _ � �
+ � � � _ � �)+ � *!+:� ¡ _ � �
+ � *^+:�YX[` � .

Straightforward analysisshows that the ` s�t �� is the eigen-
vectorcorrespondingto themaximumeigenvalueof theob-
jectivematrix ³ �)+ � � , definedby³ �
+ � �2
 (16)¤ _ � �)+ � � ¡ _ � �)+ � � � _ � �)+ � *!+:� ¡ _ � �
+ � *3+:�N¦ ��� ¬¤ _ � �
+ � � ¡:´ � 8 �C_ � �)+ � � � _ � �)+ � *!+:� ¡µ´ � 8 �C_ � �)+ � *!+:�� @B���·¶¸_ � �
+ � ��¡ ´ �V* � �C_ � �
+ � *3+:� ­ ¦ ,

wheré �)]��W
 ± �l ��� I s � � 4 � I s � � 4 *3]�� ¡ is a samplecorrela-
tion matrix.

Unfortunately, theestimates

r sut �
and ` sut � arecoupled

throughtheform of (16), sothat themaximizingeigenvec-
tor mustbere-computedfor every trial delayvector. How-
ever, thesolutionsfor thedelayvectorsareseparablein the
users6 . Thefinal MCDE algorithmis expressedasfollows,
where G s is thetotalnumberof EM iterations.

For � 
 � 9POQOPO G s
Given

r s 9�;�v � < s 9 ` s
ComputePIC estimatesI s � � 4 � using(14)
Computesamplecorrelationmatrix ´ � 8 � 9 ´ � � �
For 6 
 � 9QOPOQO�9S�

For ]1
 8/9 � 9QOQOPOª9 + >?¹ Z+ � 
�] ¹ Z
Computeobjectivematrix ³ �
+ � � (16)
Computè � �
+ � � asmaximumeigenvectorof ³
Save º � �
+ � � (maximumeigenvalue)

Next ]+ s�t �� 
 o �#w�x§yB{ Z?¨ º � �
+ � �
Save ` s�t �� 
�` � �
+ sut �� � (maximumeigenvector.)
Computeo sut �� � 4 � using(15)and ` sut ��

Next 6
Next �
Table 1. EM-MCDE algorithm,frequency selective fading.

5. RESULTS

The EM-MCDE algorithm for flat fading (11) was simu-
latedunderthe following conditions.Gold codesof lengthG»
½¼ � chips were employed for a nominal SNR of

�#¾
dB, whereSNR =

�µ¿=> G � , with
�µ¿

the energy per navi-
gationmessagesymbol. Note that the symboldurationis+À
ÁG'+1Â s.,where +�Â is thechip duration.User

�
wasset

to thenominal
�#¾

dB SNR,while users6 
�@ 9POQOPO�9S� were
setto Ã >BÄ 
 � 8 dB aboveuser

�
, thusrepresentingastrong

near-far condition. The packet lengthwasset to
� 
 �#¾

symbols.
Figure1 plotsdelayestimationerrorin chipsversusEM

iterationsfor � 
 ¾ users.Thehigh SNRuser 6TÅ � delay
estimatesconverge on the first passof the EM algorithm.
User 1, which is subjectto strongmultiuser interference,
convergesafter

¾
iterations.Figure2 is identicalto 1,except

that � 
�Æ usersarenow considered.Dueto theadditional
multiuserinterference,convergenceis slower for user

�
, but

thedelayerroreventuallysettlesto lessthan.1 chip.
TheEM-MCDE algorithmin Table1 wassimulatedfor� 
Á@ usersandlength G½
Á¼ � Gold codes.User

�
SNR

wasset to
� 8 dB, anduser @ SNR was @ 8 dB. The chan-

nel lengthwasset to GKf5
Ç@ , with equalcoefficients. A
normalizedcoefficient vector error at EM iteration � was
definedby � s� 
 � * � ` s� ¡ ` � k��� ` s� ��� k �u� ` � ��� k . (17)

Both thedelayestimationerrorandcoefficienterror
� s� are

plotted versusEM iteration is Figure 3. Thereis a fairly
significanterrorfor weakeruser

�
in bothdelayandchannel



estimation.This is dueto ill-convergenceissuesof theEM
algorithmdiscussedbelow.

6. CONCLUSIONS

New EM-basedcodeacquisitionalgorithmshave beenpre-
sentedfor terrestrialradiolocationapplications.TheEM al-
gorithmfor flat-fadingchannelsis particularlysimple,and
canbeviewedasiterativematchedfiltering/envelopedetec-
tion with parallelinterferencecancellation.For frequency-
selectivechannels,anEM-MCDE algorithmwasdeveloped
which jointly computesunconstraineduserdataestimates,
multipath channelcoefficients, and codedelays. It is in-
terestingto notethat the algorithmfor frequency-selective
channelsneverthelessemploysPIC.

Initial resultsfor the flat-fading caseare very encour-
aging,in that the delayof a weakusercanbe successfully
estimatedusinga short packet, in the presenceof signifi-
cantnear-far interference.However, ill convergenceis seen
in the � 
�@ usercasefor frequency-selectivefading.This
is aconsequenceof thebasicEM algorithmlimitation – the
truedatalikelihoodis a nondecreasing functionof theEM
estimates,andthus,it is possibleto becometrappedin local
maximaof the likelihoodfunction. Futurework will focus
onmultipleinitializationstrategiesfor EM to reducethefre-
quency of ill-convergence.
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Fig. 1. Codedelayestimationerror, flat fading– 5 users.
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Fig. 2. Codedelayestimationerror, flat fading– 6 users.
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