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Abstract— In this paper, signal waveform designs for TOA
estimation with non-coherent receivers based on ultrawideband
impulse radio are discussed.Four differ ent transmit signal wave-
forms are analyzed,both with respectto their designconstraints,
and their precision ranging performance in IEEE 802.15.4a
multipath channels.

We intr oduce novel searchback and thr esholding algorithms,
and show that the ranging performance can be impr oved con-
siderably with a-priori knowledge of noise variance. Simulation
results show that it is possible to achieve sub-meter ranging
accuracy with 90� confidence by using such energy detecting
(non-coherent) receivers.

I . INTRODUCTION

Thereis agrowing demandfor locationawarenessandrang-
ing in short-rangecommunicationnetworks, andapplications
exploiting thesefeatureswill play an importantrole in future
wirelessmarkets.Especially, a varietyof controlandmonitor-
ing applications(e.g.,building automation,environmentaland
structuralmonitoringetc.) is to be built, usinga vastnumber
of short-range,networked wirelessdevices.

Recognizingthesetrends,theIEEEhasestablishedtheIEEE
802.15.4aTask Group (TG), whosegoal it is to to develop a
low complexity, low ratephysical(PHY) layer standardwith
a precisionrangingcapability, and it hasadoptedultrawide-
band(UWB) as the underlying technology. Low complexity,
and thus low cost, of the devices is an important goal of
the standard,and therefore it is required to enableUWB-
basedrangingwith noncoherent(energy detection)receivers.
Thoughtheir performance(precisionor reliability) will beless
than that of coherentdevices, the reducedcost justifies the
tradeoff for many applications.In this paper, we quantify the
rangingperformanceof non-coherentUWB impulseradio(IR)
receivers.

A UWB signalprovides two major advantagesfor ranging
applications.If thesignalhasa largerelative bandwidth,there
is a higherprobabilitythatat leastsomeof thefrequency com-
ponentsof thetransmitsignalcanpenetratethroughobstacles.
Thus, the probability of receiving significant energy in the
quasi-line-of-sightcomponentis larger in this case.Secondly,
a large absolutebandwidthimplies a fine time resolutionof
the receivedsignal,which helpsto identify the time-of-arrival
(TOA) of the multipath components,and improves leading
signaledgedetectionperformance.Rangingbasedon theTOA
of the first arriving multipathcomponent(quasi-line-of-sight)
is the methodof choicefor UWB-basedranging[1].

To our knowledge, there are only a few papers in the
literaturewhere the rangingperformanceof non-coherentor

differentialUWB receiversis studied.In [2], thedetectionper-
formanceof autocorrelationreceivers (transmittedreference
(TR) and differential (DF) schemes)is studiedwith respect
to different synchronizationaccuracy levels. Another work
[3] presentssynchronizationanalysisof non-coherentUWB
receiversfor bothadditive white Gaussiannoise(AWGN) and
Saleh-Valenzuelachannelmodels,andpointsout thesuitability
of non-coherentreceivers to enablelow cost wirelesssensor
devices.Low probability of interceptperformanceof a time-
hoppingUWB systemis investigatedin [4] by usinga single
andmultiple energy detectors.

A key problem, which to our knowledge has not been
studiedin the past, is that precisionranging not only relies
on acquisitionand coarsesynchronization,but also requires
additional signal processingand air time to detect the first
arriving multipath component(MPC). In typical non line of
sight channelsthis componentmay be 6dB less than the
strongestcomponent,andit mayevenarrive up to 60nsearlier
[5]. In this article,we introducea leadingedgesearchingand
thresholdingalgorithm designedto deal with this problem,
and test its ranging performanceson four different ranging
transmit signal waveform, which are under considerationby
the IEEE 802.15.4aTG. The key contribution of our work is
the introduction of a thresholdmechanismthat is basedon
the noise level and the clusteringof the received multipath
components.

I I . SIGNALING WAVEFORMS

The waveform of the transmittedsignal has a significant
impacton the performanceof the TOA estimationalgorithms.
By changing placementand number of UWB pulses in a
symbol and their relative distancein time and by varying
symbolduration,uniquesymbolwaveformscanbe generated
for use in ranging preambles.Theseparametersimpact the
level of inter-pulse-interferenceandinter-symbolinterference,
andnecessitatedevelopmentof post receptionsignalprocess-
ing algorithmsto achieve precisionrangingwith eachspecific
waveform. In this section,four differentsignalingwaveforms
arepresented,andtheir characteristicsandtrade-off ’s aredis-
cussed.While designingthe waveforms,the following design
issuesandconstraintsareconsidered� Themaximumexcessdelay(MED) of thechannelmaybe

on the orderof 	�
�
 ns or larger. The signalingwaveform
shouldhave a largeenoughzerocorrelationzoneprior to
the leadingedgeto minimize self-interference.� If multiple pulsesper symbol are transmitted,and the
durationbetweenpulsesis smallerthan the MED of the
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Fig. 1. Samplingthe received waveforms.

channel,aggregating the energies over multiple pulses
may smooth the edges(due to interpulseinterference),
and it may be better to operateon the non-aggregated
samplesfor edgedetection(e.g.for direct-sequence(DS)-
IR).� Peakto averagepower ratio (PAPR) and spectralmask
requirementsof frequency regulators (in particular, the
USA’s FCC) should be obeyed. Namely, the pulse-to-
pulseinterval cannotbe larger than a certainvalue,and
the spectralpeaksshouldbe suppressedvia appropriate
methods.� Rangingaccuracy shouldbe on the order of 	 meteror
better; this value stemsfrom the IEEE 802.15.4alist of
requirements.� While non-coherentreceiver processingwill be consid-
eredin this paper, it is beneficialthat the received wave-
forms alsosupportcoherentprocessing,sincethis allows
dual-modeoperationand/ormultiple receiver types.

Under thesedesignconstraints,signalingwaveformsfor DS-
IR, TR-IR, M-ary ternaryorthogonalkeying (MTOK)-IR, and
time hopping(TH)-IR will be presentedbelow. The common
notationsfor all signaling schemesare as follows; ������ is
the numberof symbolsover which the received samplesare
averaged,� � is the symbolenergy, � is the transmittedpulse
shapewith unit energy, ������� is thesymbolduration,��� is the
pulseduration, � is the TOA of the waveform, � is the zero-
meanAWGN with variance����! #"%$� , & is thetotal numberof
multipathcomponents,')( and *+( aretheamplitudesanddelays
of the , th multipathcomponent,and �� is the total numberof
pulsesper symbol.Due to the waveform parametersassumed
in this paper (as will be discussedlater in the simulation
sectionand illustratedin Table I and Fig. 2), the parameters�-� , �� , .�/��� , and ������� areidenticalfor DS-IR, TR-IR, and
TH-IR. They arescaledappropriatelyfor MTOK-IR to make
transmittedenergy perpulseandnumberof pulsestransmitted
within unit time identicaland fair for all the four options.

A. DS-IR

The DS-IR waveform is obtainedby consecutive transmis-
sionof pulseswith differentpolarities,andthereceivedDS-IR
waveform canbe representedas02143 ��5�687:9  ; � �.� "%<>=/?@A�BDC � 1E3 ��5�F�HG 7%IKJ � ���+� IKL A � �M�+� I ��NFOP� 6Q7:9SR

(1)� 1E3 ��5�F� 687:9  UT@ ( BDC ' ( " <@V BDCXW 1E3 ��5V ��Y 7DIZ6\[]I 	 9 � 1E3 ��5^ I * (Q_ R (2)

where W 1E3 �/5V is the polarity codefor the [ th pulse, L A.`ba 
 R 	dc
is the J th symbol, �e�f��� is the modulationindex (i.e. delay)
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Fig. 2. Signalingwaveform optionsfor TOA estimation.

for pulseposition modulation(PPM), and � 143 ��5^ g ��� is the
chip durationfor DS-IR. Note thatPPMis usedto achieve pi-
conetisolation,wheredifferentusersemploy differentsymbol
sequences(which resemblesa 2-level bulk time hopping).

At the receiver, the energy detectoroutput is given byh�1E3 ��5�  	.�/��� " <Q=/?Fi C@A�B%Ckj �ml <1 �on C 5 l <qppp
0 6Q7rIKJ � ���+� IKL A � �f�+� 9 ppp

� W 7SR
(3)

where the multiple pulseswithin the symbol are not aggre-
gated,sincethey arevery closelyspacedandthussuffer from
interpulseinterference;aggregatingthemthuswouldsmoothen
andweaken the edges.

B. TR-IR

The TR-IR transmitsa pair of pulseswithin eachframe,
and the received signal canbe formulatedas0 1 l8s 5 687:9  ; �-��� " <>=/?@A�B%C � 1 l8s 5�F� G 7%IKJ � ���+� I � N Ot� 687:9SR (4)

� 1 l8s 5�F� 687:9  T@ ( B%C 'o( "%<vu �@V BDCxw W 1 s 5V � Y 7%Iy6E[zI 	 9 � 1 l8s 5{ IK| 1 l8s 5V � 1 l8s 5^ I *�(Q_
O W 143 5V � Y 7}IZ6\[zI 	 9 � 1 l8s 5{ IK| 1 l8s 5V � 1 l8s 5^ I * ( IK~ _e� R

(5)

where ~ is the delay betweenthe pulsepairs, | 1 l8s 5V denotes

the time hoppingcode(specificto the piconet), W 1 s 5V and W 1E3 5Vdenotethe polarity codesof the referenceand datapulsesin
TR, respectively, � 1 l8s 5{ is the frameduration,and � 1 l8s 5^ is the
chip duration.

Since the time duration betweenthe pulse pair is usually
smaller than the MED of the channel G>��� �2� R}~������d��6 * ( 9 N ,
aggregatingthe energy in the pulsepair usuallysmoothesthe



edges,andis not preferred.Therefore,the receiver processing
may be

�
achieved as followsh 1 l8s 5�  	 ����� "}<Q=:? i C@A�BDC " < u �@V BDC j �ml <1 �on C 5 l <qppp

0 Y 7%ItJ �������Iy6E[zI 	 9 � 1 l8s 5{ IK| 1 l8s 5V � 1 l8s 5^ _ ppp
� W 7 � (6)

C. MTOK-IR

Instead of binary sequencesused in DS-IR, ternary se-
quences[6] can be usedto generatea MTOK-IR signal,and
the received signalbecomes

0 1 � l 5 687:9  �� � 1 � l 5� 1 � l 5� "�� ?��E�<>=/?@A�BDC � 1 � l 5�F��G 7}ItJ � 1 � l 5����� I � N OP� 6Q7:9SR
(7)

� 1 � l 5�F� 687:9  UT@ ( BDC ' ( "�� ?��E��@V BDCKW 1 � l 5V ��Y 7%Iy6E[zI 	 9 � 1 � l 5^ I * (Q_ R
(8)

where W 1 � l 5V `�a I 	 R 
 R 	dc are the ternary codesfor the [ th
pulse.Thecodeword lengthis  1 � l 5^ , andthenumberof non-
zerocodeword elements(i.e., thenumberof pulses)is denoted
by  1 � l 5� . The symbolenergy, numberof symbolsused,and
the symbol durationare given by � 1 � l 5� ,  1 � l 5����� , and � 1 � l 5����� ,
respectively.

The samplescollected at the receiver are processedas
followsh 1 � l 5�  	 1 � l 5����� "�� ?��4�<Q=/? i C@A�BDC "�� ?��E��@V BDC j �ml <1 �on C 5 l <qppp

0 Y 7DItJ � 1 � l 5�����Iy6E[SI 	 9 � 1 � l 5^ _ ppp
� W 1 l �F� ( l 5V W 7 (9)

where W 1 l ��� ( l 5V is thetemplatecorrelationsequenceusedat the
receiver, and is given by

W 1 l �F� ( l 5V  ���� W 1 � l 5V � if uni-polar template(UPT),��� � W 1 � l 5V � I 	 if bi-polar template(BPT),
(10)

wherethe MTOK sequencescanbe appropriatelydesignedto
have zero autocorrelationsidelobesafter they are processed
with theBPT at the receiver (which is assumedin thesequel).

D. TH-IR

As the last signalingwaveform, the received TH-IR signal
canbe expressedas0 1 lQ� 5 6Q7:9  ; � �.� "}<Q=/?@A�BDC � 1 lQ� 5��� G 7DItJ ������� I � N OP� 687:9SR (11)

� 1 lQ� 5��� 6Q7:9  UT@ ( BDC ' ( " <@V BDC W 1 lQ� 5V � Y 7DIZ6\[]I 	 9 � lQ�{ IH| 1 lQ� 5V � 1 lQ� 5^ I * ( _
(12)
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Fig. 3. PDF andCDF of the energy in the leadingenergy block, andcorre-
spondingquadraticcurve-fit for theenergy PDF(
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CM1 realizations[5]).

The transmittedenergy is set to unity ( �m ¢¡y£8¤�¡y¥ ns), a single pulse is
transmited,andsampledwith an energy detectorat the receiver.

where| 1 lQ� 5V and W 1 lQ� 5V aretheTH codesandpolarityscrambling
codesof desireduser, respectively. Frameandchip durationof
of TH-IR aredenotedby � 1 lQ� 5{  
 � ¦ � 1 l8s 5{ , and � 1 lQ� 5^  � 1 l8s 5^ ,
respectively.

At the receiver, the samplesarecollectedandprocessedas
follows for the TH-IR signalh 1 lQ� 5�  	������ " <>=/?ri C@A�BDC "}<@V BDC j �ml <1 �on C 5 l <qppp

0 Y 7}ItJ � �����Iy6E[zI 	 9 � 1 lQ� 5{ IK| 1 lQ� 5V � 1 lQ� 5^ _ ppp
� W 7 � (13)

I I I . THRESHOLD SELECTION FOR TOA ESTIMATION

The TOA estimationalgorithmis closely tied to the acqui-
sition schemeemployed in the transceiver. In this paper, we
assumethat the transmittedsignal containsa preamblethat
is long enoughto allow accuratelysynchronizethe receiver
to the peak energy sample and subsequentlyestimate the
TOA. Since the TOA estimationrequiresestimationof the
leading edge, the samplesprior to the peak have to be
searchedand distinguishedfrom the noise level. However,
the leading block’s energy may be very small comparedto
the total transmittedenergy, since the energy is distributed
over variousmultipath components.In Fig. 3, about 	�
)§ of
the time, the leadingblock energy is seento be considerably
small comparedto the transmittedenergy for CM1, which
emphasizesthe importanceof thresholdselection.

In [7], thresholdselectionwas achieved by simply setting
the thresholdsbased on a normalized value between the
minimum and maximum energy samples.Even though this
techniqueaccountsboth the signal and noise energy levels,
anddoesnot requireany parameterestimation,relatively weak
leadingedgesamples(comparedto the peak)can be missed.
In Fig. 4a, the cumulative distribution function (CDF) of the
maximumenergy to leadingedgeenergy ratio (MER) is given
for 	¨
�
2
 CM1 channelrealizations.Since it may occur that
only a small portion of the leadingpulseenergy is contained
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in the leading energy block, the MER can be as large as« 
 dB (not shown on plot), and is smaller than ¬2
�
 with 
)§ probability. Therefore,setting the normalizedthreshold
to 	¯®m¬2
�
 will miss 	¨
)§ of the leadingedgeblocks in noise-
free channel.On the otherhand,Fig. 4b shows that the delay
betweenthe peak and the leading edgemay be as large as° 
 ns for CM1, which we setour searchbackwindow length.

Anotheralternative for settingthe thresholdsis usingsolely
thenoiselevel, which hasto beestimatedprior to leadingedge
detection.Let ±�² 3 and ���² 3 be the meanand the varianceof
thenoisesamplesthatareat theoutputof theenergy detector,
and after any processinggain (multiple pulsesper symbol,
or multiple symbols). Then, the probability of erroneously
interpretinga noisesampleasa signalsampleis³ {¯´  ¶µ�·r¸ I ±�² 3� ² 3º¹ R (14)

where ¸ denotesa threshold, ±�² 3  ¼» � �� , � �² 3  � » �X½� ,
and »  ��¾ 7 � is the degree of freedom determinedby
the signal bandwidth (determinedby the band-passfilter)
and the sampling rate. Note that (14) assumesa Gaussian
approximationto the Chi-squarestatistics,which is valid for
large » , or largeprocessinggain,andis valid for large .�����
assumedin this paper. By fixing

³ {¯´ , ¸ can be calculated
from (14) as

¸  � ² 3 µ n C 6 ³ {¯´ 9 OP± ² 3 � (15)

If thereare no noise-only samplesbetweenthe leadingedge
and the peak, the thresholding technique discussedabove
successfullytracksthe samplestill the leadingedge,and the
leadingblock estimateis given by¿À  ÂÁ �EÃMÄ:Å¯Æ À�Ç ppp�È

h ��ÉDÊ ¸ �dË�Ì È
h �dÉ8n C � ¸eÍ O À �ÏÎ IÑÐ �/Ò R (16)

where the hypothesisÀ Ç `Óa 	 R � R �\�E� RvÐ �/Ò I 	 RvÐ �:Ò�c are tested
backwardsstarting from À Ç  Ð �/Ò down to À Ç  	 , À �ÏÎ is
the sampleindex for the peakenergy, the search-backvector
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is given by

È
h  ÜÛ h � ?�Ý nßÞ <>à h � ?�Ý nXÞ <�à i C �E�\� h � ?�Ý¯á R (17)

and Ð �/Ò is a search-backwindow length that is set basedon
thestatisticsof thechannel.Note that h � maybeany of h 1E3 ��5� ,h 1 l8s 5� , h 1 � l 5� , or h 1 lQ� 5� .

Considera simpleexampleto illustratethe performanceof
this searchbackalgorithm,wherea 2-tap channelis analyzed
using a single-pulseand single-symbol,and mean absolute
error (MAE) of the TOA estimateis comparedusingsimula-
tions and theory. The tap weights are selectedas 6 
 � ° R 
 � â 9 ,
with a

«
ns separationin between,and it is assumedthat the

centerof the blocks are perfectly synchronizedto the peak
of the received pulses.Assumingthat the receiver is already
locked to the secondblock, a searchbackis performed to
find the last threshold-exceedingsampleusing

³ {¯´  
 � 
 ¦ .
Theoreticallyspeaking,with the restrictionsassumed(since
the TOA estimatesare assumedto be at the centersof the
blocks,andthe TOA is restrictedto be at block edgesdueto
perfectsynchronization),accuratelychoosingthe leadingedge
block or the previous block yields an error of 
 �ã¦ 7 �  �

ns,
while every neighboringblock addsanother 7 �  «

ns error.
The theoreticalMAE for this simple scenariocan be easily
derived as in Appendix, and the resultsin Fig. 5 show that
MAE convergesto

�
nsafter 	 ° dB (reachinga

 
)§ confidence
of ¬ ns at 	 « dB, which is not shown).

However, the received multipath componentsin typical
UWB channelsusually arrive at the receiver in multiple
clusters,i.e., groupsof MPCsthatareseparatedby noise-only
samples.In Fig. 6a, the probability densityfunction (PDF) of
the numberof clustersprior to the peaksampleis presented
for CM1, andFig. 6b presentsthe PDF of the delaysbetween
any two clustersif there is at least one cluster prior to the
peakenergy sample.Sincethe statisticsshow that theremay
be delaysaslarge as

� 
 nsbetweenthe clusters,the algorithm
discussedabove may lock to a samplethat arrives later than
the leadingedge.

On the other hand,by allowing a numberof consecutive
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occurrencesof noisesampleswhile continuingthe backward
search,theclusteringproblemmaybehandled.Thefalsealarm
probability when ä multiple consecutive noise samplesare
consideredcanbe calculatedfrom³ {¯´  	 I w 	 I µ · ¸ I ±�² 3� ² 3 ¹ �æå R (18)

which leadsto a thresholdgiven by

¸  � ² 3 µ n C Y 	 IZ6 	 I ³ {¨´ 9%çè _¢OP± ² 3 � (19)

Note that the bestchoiceof the thresholdis a function of ä ,
which is thekey ideaof thispaper. Theleadingedgeestimation
is thenmodifiedas follows¿À  ÓÁ �\ÃfÄ/Å�é À�Ç pppp È

h � É Ê ¸ �dË�Ì�¢�d� Æ È
h � É n C R È

h � É n � R �\�E� R È
h¨êrë:ì 1 � É n åÏí C 5 Í � ¸Xî O À �ÏÎ IHÐ �/Ò �(20)

A. Trade-off’s Between Different Signaling Waveforms for
TOA Estimation

Sincethe leadingedgedetectionproblemdiscussedabove
requires searchingback the paths prior to the peak, it is
susceptibleto any kind of interferencewithin the searchback
window. Even in the interference-freecase,the transmitted
sequencesshould have long enough zero correlation zone
(ZCZ) prior to the main lobe of the periodic autocorrelation
function (ACF); otherwise, the multipath interferencefrom
the autocorrelationsidelobesmay leak into the searchback
window, which may yield erroneousestimates.

The MTOK sequencesof length ¬Ö	 proposedin [6] have
optimal correlation characteristicswhen they are processed
with BPT at the receiver. However, this comesin the expense
of (almost) doublednoisevariance(e.g., comparedto a TH
case),sincethecorrelationtemplateis of length(almost)twice
the numberof pulsestransmitted(i.e. 	 ° ).
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The TH sequences,on the otherhand,have to be designed
appropriatelyto have a ZCZ. Consideringthat the MED of
the channelcan be larger than 	�
�
 ns for CM1, ideally, the
ZCZ hasto be larger than 	�
2
ïO Ð �/Ò 7 � . While the length of
ZCZ increaseswith theframeduration� { , PAPRrequirements
enforcethat the pulse-to-pulseduration is sufficiently small.
In this paper, we restrictedthe frameduration � 1 lQ� 5{ to 	 � â ns,
which yields a codecardinality  �  ¬ � for � ^  �e�  « ns.
Brute-forcesearchof ZCZ codesfor .�  « yieldssequences1

with ZCZ at most
�d

(i.e., 	 � 
 ns) with a peak to side-lobe
ratio (PSLR)of

«
. However, the pulseto pulsedurationof the

sequencesmaynot berandom enough for smoothingthespec-
tral lines due to ZCZ restriction,and spectralcharacteristics
may have to be adjustedfurther using the polarity coding.In
Fig. 7, the periodiccorrelationsof MTOK andTH sequences
arepresentedover two sequenceperiods2.

Comparedto MTOK-IR andTH-IR, DS-IR is lesssuscepti-
ble to clusteringeffectsin thesearchbackstep,sincethepulses
are (almost) consecutively transmitted. As employing the
training symbolsequences(with PPM) for piconetseparation
in DS-IRcanbeinterpretedasa2-level time-hopping,theZCZ
becomeson the orderof ���f�+� , which allows a large window
for searchback.The drawback of DS-IR is that it doesnot
exploit the processinggain available,andmay performworse
if  ����� is not sufficiently large. On the other hand,TR-IR
falls in betweenTH-IR andDS-IR dueto thetransmittedpulse
pairs; it is less affected from clusteringproblem,and has a
larger ZCZ comparedto TH-IR, thoughexploiting only half
the processinggain of that of TH-IR.

IV. SIMULATION RESULTS

Simulationsareperformedto comparethe TOA estimation
errors for different scenarios.In all simulations, 7 �  �e�  

1The searchyields ð ��ñ sequences,andmay further be prunedto leave the
oneswith goodcross-correlationand/orspectralcharacteristics.

2UsedMTOK codeis ò¯óõô%öø÷X¡Ñù �zúz�zú]�D�����Ï�]úz�D�Ï���F�D�Ï����ú���%�%�%�F���%�-ú-�X�ïú��%�X�%�ïú��Ïú���û
. UsedTH codeis üfóõöøý�÷e¡bù �%�}�D�Mû

with þ ý ¡ ��� anda ZCZ of
� ð .



TABLE I
COMPARISON OF PARAMETERS AND NOISE STATISTICS FOR DIFFERENT OPTIONS ( ÿ�¡ ¥ , � óõô%öø÷¤ ¡©¥ � ¤ ).
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«
ns, and signal bandwidth

¾  ¦ 
�
 MHz, yielding a degree
of freedom »º ��¾ 7 �  «

. The noisevariance ���  .-¯® �
is set to 	 , and the symbol energy �-� is scaledto satisfy a
certain �-��®� - . The received signal is averagedover a

«
ms

preambleto suppressnoiseeffects;note that despitethe non-
coherentaveraging,large numberof symbolsusedyields a
very largeoverall � � ®�/- . Thedelay � is takento beuniformly
distributed in 6 
 R � ¦ ° 9 ns, and the results are averagedover	�
�
2
 channelrealizations.All the simulationsaredoneusing
the IEEE 802.15.4achannelmodels[5], which are the most
comprehensive standardizedUWB channelmodelscurrently
available.As unifiedandfair framework aspossibleis targeted
while analyzingall the schemes,andparametersareadjusted
accordinglyas illustratedin Table I andFig. 2.

Simulation results correspondingto CM1 for
³ {¯´ `a 
 � 
�
2
Ö	 R 
 � 
�
�	 R 
 � 
Ö	 R 
 � 
 ¦ c are presentedin Figs. 8-11. Both

the confidencelevel of obtaining ¬ ns timing error, and the
MAE of the timing error are given. While TH-IR hasbetter
energy collectionat low � � ®�.- , it is seenthat the ZCZ is not
largeenough,andtheinterferencefrom thesidelobesbecomes
a problemasthesignalenergy increases(sincethethresholdis
setbasedonthenoiselevel only). Thesidelobeproblemin TH-
IR maybealleviatedto anextentby designingandemploying
long-codes,which have similar ZCZ characteristics,andlarger
PSLRs. On the other hand, DS-IR, MTOK-IR, and TR-IR
achieve

 
o§ accuracy as the �-�+®� - increases.Note that the
MAE floor is better than that of Fig. 5, and converges to
smaller than

� À10 in all
³ {¯´ ’s. This stemsfrom the fact that

in Fig. 5, the TOA was restrictedto discretevaluesat the
edgesof the blocks,andminimum error that canbe obtained
by choosing the center of the block is

�
ns. On the other

hand,CM1 simulationsassumethat theTOA takescontinuous
values,andsimpleanalysisshows that selectingthe centerof
the block yields an averageerror on the order of quarterthe
block size.

V. CONCLUSION

In this paper, four different signal waveforms are com-
paredfor non-coherentTOA estimation.A novel thresholding
techniquebasedon noisestatisticsis presented,which yields
accurateleadingedgeestimatesevenat low samplingrates,as
long as the signal is averagedover many symbols.

APPENDIX

Let h ( ² denotethe leadingblock sample,,32 be the leading
block index, and 4 blocks are searchedprior to the leading

block. Then,the MAE canbe formulatedas57698  ³ G h ( ² � ¸ N � 	 �ã¦ 7 �}O ³ G h ( ² Ê ¸ N ³ G h ( ² n C � ¸ N � 
 �ã¦ 7 �O ³ G h ( ² Ê ¸ N ³ G h ( ² n C Ê ¸ N ³ G h ( ² n � � ¸ N � 
 �ã¦ 7 � O �\�E�O ³ G h ( ² Ê ¸ N �\�E� ³ G h ( ² n;: i C Ê ¸ N ³ G h ( ² n;: � ¸ N � 6 4 I 	 � ¦ 9�7 �(21)

which yields57698  	 �ã¦ 7 � � µ · ± ( ² I ¸��( ² ¹ O< 	 I µ · ±�( ² I ¸� ( ² ¹>= � < 
 �ã¦ 7 � � · 	 I µ · ¸ I ± ² 3�e² 3 ¹ ¹OP
 � ¦ 7 � � µ · ¸ I ± ² 3�ß² 3 ¹ � · 	 I µ · ¸ I ± ² 3�ß² 3 ¹ ¹ O �\�E� O6@?.I 	 � ¦ 9�7 � � µ · ¸ I ±�² 3�e² 3 ¹"A n C � · 	 I µ · ¸ I ±�² 3�e² 3 ¹ ¹B= R
(22)

where± ( ² and ���( ² arethemeanandthevarianceof theleading
energy block,while ± ² 3 , ���² 3 arethecorrespondingparameters
for noise-onlysamples.Note that the expressionscorrespond
to perfectsynchronizationto pulsepeak,anderrorcoefficients
for choosinga certainblock maybeformulateddifferently for
a differentsetof assumptions.
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