MITSUBISHI ELECTRIC RESEARCH LABORATORIES
http://www.merl.com

Non-Coherent TOA Estimation in IR-UWB
Systems with Different Signal Waveforms

I. Guvenc, Z. Sahinoglu, A. Molisch, P. Orlik

TR2005-132 December 2005

Abstract

In this paper, signal waveform designs for TOA estimation with non-coherent receivers based
on ultrawideband impulse radio are discussed. Four different transmit signal waveforms are an-
alyzed, both with respect to their design constraints, and their precision ranging performance
in IEEE 802.15.4a multipath channels. We introduce novel searchback and thresholding al-
gorithms, and show that the ranging performance can be improved considerably 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.

IEEE BroadNets, October 2005

This work may not be copied or reproduced in whole or in part for any commercial purpose. Permission to copy in whole or in part
without payment of fee is granted for nonprofit educational and research purposes provided that all such whole or partial copies include
the following: a notice that such copying is by permission of Mitsubishi Electric Research Laboratories, Inc.; an acknowledgment of
the authors and individual contributions to the work; and all applicable portions of the copyright notice. Copying, reproduction, or
republishing for any other purpose shall require a license with payment of fee to Mitsubishi Electric Research Laboratories, Inc. All
rights reserved.

Copyright (©) Mitsubishi Electric Research Laboratories, Inc., 2005
201 Broadway, Cambridge, Massachusetts 02139






Non-coherenfTOA Estimationin IR-UWB Systems
with Different Signal Waveforms

I. Guvend-?, Z. Sahinogld, A. F. Molisch!, P. Orlik!

IMitsubishi Electric ResearcH.abs, 201 Broadway Ave., Cambridge MA, 02139
2Departmenbf Electrical Engineering,University of SouthFlorida, Tampa,FL, 33620
3 alsoat Departmenbf Electronsciencel.und University, Lund, Sweden
E-mail:{guvenc, zafer molisch, porlik} @merl.com

Abstract—In this paper, signal waveform designs for TOA
estimation with non-coherent recevers based on ultrawideband
impulse radio are discussedFour 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 improved 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-coheeent) recevers.

I. INTRODUCTION

Thereis agrowing demandor locationawarenessndrang-
ing in short-rangecommunicationnetworks, and applications
exploiting thesefeatureswill play animportantrole in future
wirelessmarkets.Especially a variety of controlandmonitor
ing applications(e.g.,building automation environmentaland
structuralmonitoring etc.) is to be built, usinga vastnumber
of short-rangenetworked wirelessdevices.

Recognizinghesetrends the IEEE hasestablishedhe IEEE
802.15.4aTask Group (TG), whosegoal it is to to develop a
low complexity, low rate physical (PHY) layer standardwith
a precisionranging capability and it hasadoptedultrawide-
band (UWB) as the underlyingtechnology Low compleity,
and thus low cost, of the devices is an important goal of
the standard,and thereforeit is requiredto enable UWB-
basedrangingwith noncoheren{enegy detection)recevers.
Thoughtheir performanceprecisionor reliability) will beless
than that of coherentdevices, the reducedcost justifies the
tradeof for mary applications.n this paper we quantify the
rangingperformancef non-coherendWB impulseradio (IR)
recevers.

A UWB signal providestwo major advantagedor ranging
applicationslf the signalhasa large relative bandwidth,there
is a higherprobabilitythatat leastsomeof thefrequeng com-

ponentsof the transmitsignalcanpenetrateéhroughobstacles.

Thus, the probability of receving significant enegy in the
guasi-line-of-sightomponenis largerin this case.Secondly
a large absolutebandwidthimplies a fine time resolutionof
the received signal,which helpsto identify the time-of-arrival
(TOA) of the multipath componentsand improves leading
signaledgedetectionperformanceRangingbasednthe TOA
of the first arriving multipath component(quasi-line-of-sight)
is the methodof choicefor UWB-basedranging[1].

To our knowledge, there are only a few papersin the
literature where the ranging performanceof non-coherenbr

differential UWB receversis studied.In [2], the detectionper

formanceof autocorrelationrecevers (transmittedreference
(TR) and differential (DF) schemes)s studiedwith respect
to different synchronizationaccurag levels. Another work

[3] presentssynchronizationanalysisof non-coherentUWB

receversfor both additive white Gaussiamoise(AWGN) and
Saleh-\alenzuelachanneimodelsandpointsoutthe suitability
of non-coherenteceversto enablelow costwirelesssensor
devices.Low probability of interceptperformanceof a time-

hoppingUWB systemis investigatedn [4] by usinga single
and multiple enegy detectors.

A key problem, which to our knowledge has not been
studiedin the past,is that precisionranging not only relies
on acquisitionand coarsesynchronizationbut also requires
additional signal processingand air time to detectthe first
arriving multipath component(MPC). In typical non line of
sight channelsthis componentmay be 6dB less than the
strongestomponentandit may evenarrive 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.

Il. SIGNALING WAVEFORMS

The waveform of the transmittedsignal has a significant
impacton the performanceof the TOA estimationalgorithms.
By changing placementand number of UWB pulsesin a
symbol and their relative distancein time and by varying
symbol duration,unique symbol waveformscan be generated
for usein ranging preambles.These parameterdmpact the
level of inter-pulse-interferencandinter-symbolinterference,
and necessitatelevelopmentof postreceptionsignal process-
ing algorithmsto achieve precisionrangingwith eachspecific
waveform. In this section,four differentsignalingwaveforms
are presentedandtheir characteristicendtrade-of’s aredis-
cussedWhile designingthe waveforms,the following design
issuesand constraintsare considered

« Themaximumexcessdelay(MED) of thechannemaybe

on the orderof 100ns or larger. The signalingwaveform
shouldhave a large enoughzerocorrelationzoneprior to
the leadingedgeto minimize self-interference.

« If multiple pulsesper symbol are transmitted,and the

durationbetweenpulsesis smallerthanthe MED of the
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Fig. 1. Samplingthe receved waveforms.

channel,aggreyating the enegies over multiple pulses
may smooththe edges(due to interpulseinterference),

and it may be betterto operateon the non-aggregated
sampledor edgedetection(e.g.for direct-sequencéDS)-
IR).

« Peakto averagepower ratio (PAPR) and spectralmask
requirementsof frequeng regulators (in particular the
USA's FCC) should be obeyed. Namely the pulse-to-
pulseinterval cannotbe larger than a certainvalue, and

the spectralpeaksshould be suppressedia appropriate

methods.

« Rangingaccurag shouldbe on the order of 1 meteror
better; this value stemsfrom the IEEE 802.15.44list of
requirements.

« While non-coherentecever processingwill be consid-
eredin this paper it is beneficialthat the receved wave-
forms alsosupportcoherentprocessingsincethis allows
dual-modeoperationand/ormultiple recever types.

Underthesedesignconstraints signaling waveformsfor DS-
IR, TR-IR, M-ary ternaryorthogonalkeying (MTOK)-IR, and
time hopping(TH)-IR will be presentedelon. The common
notationsfor all signaling schemesare as follows; Ny, is
the numberof symbolsover which the receved samplesare
averaged,E; is the symboleneny, w is the transmittedpulse
shapewith unitenegy, sym 1S thesymbolduration T, is the
pulseduration,e is the TOA of the waveform, 7 is the zero-
meanAWGN with variances? = ]\;0 L is thetotal numberof
multipathcomponentsy, andn aretheamplitudesanddelays
of the /th multipathcomponentand N, is the total numberof

pulsesper symbol. Due to the waveform parameterassumed

in this paper (as will be discussedlater in the simulation

sectionandillustratedin Table| and Fig. 2), the parameters

E;, N, Ngym, andTy,,, areidenticalfor DS-IR, TR-IR, and
TH-IR. They are scaledappropriatelyfor MTOK-IR to make

transmittedenegy per pulseandnumberof pulsestransmitted

within unit time identical andfair for all the four options.

A. DSIR

The DS-IR waveform is obtainedby consecutie transmis-
sionof pulseswith differentpolarities,andthereceved DS-IR
waveform can be representeds
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(39) (¢) €) +n(t),

1)
)

ds) G — I)T(ds) _ 7-) :

Toym =512ns

Te=6ns b= 0 JTEas o el
| npinn il LB ddma
VAl VYV T = 256ns T
a) DS-IR
Teym =512ns
D=16ns Tr=256ns D=16ns
[ an . \ A ap
o “ \ vAY; 3k
To= 4ns =T b) TR-IR
Teym = 31 X 64ns = 1984ns
L=6dns To= dns
I | hy | ha | .
v \ H \ K \
¢) MTOK-IR
Tsym =512ns
. | an - Loap P nn
i | | U | [ U j ‘ X U X
To= 4ns =F d) TH-IR

Fig. 2. Signalingwaveform optionsfor TOA estimation.

for pulse position modulation(PPM), and Tc(ds) > T, is the
chip durationfor DS-IR. NotethatPPMis usedto achieve pi-
conetisolation,wheredifferentusersemploy differentsymbol
sequencegwhich resemblesa 2-level bulk time hopping).
At the recever, the enegy detectoroutputis given by
2
‘r(t — KTy — biTypm)| dt

nts
/(n—l)tS
3)

where the multiple pulseswithin the symbol are not aggre-
gated,sincethey arevery closelyspacedandthussuffer from
interpulseinterferenceaggreyatingthemthuswould smoothen
and wealen the edges.

Nsym—+1
z(ds) — 1
" Nsym

k=1

B. TR-IR

The TR-IR transmitsa pair of pulseswithin eachframe,
andthe receved signal can be formulatedas

(0 () = ¢ / W (t — kTyym —€) +0(t) ,  (4)
L N /2
W) (6) Zw > [ w(t- (G -1 = I —
=1 Jj=1
+ dg.d)w(t - (- 1)T;tr) — c;tr)Tc(“") —-T — D)] )

(®)

"where D is the delay betweenthe pulse pairs, ¢ (”) denotes

the time hoppingcode (specificto the piconet), dgT) and dgd)
denotethe polanty codesof the referenceand datapulsesin
TR, respectiely, T )is the frame duration, andT(”) is the
chip duration.

Since the time duration betweenthe pulse pair is usually
smallerthan the MED of the channel(i.e., D < max(7)),
aggreyatingthe enegy in the pulsepair usually smootheghe




edgesandis not preferred.Therefore the recevver processing
may be achieved as follows

Naym+1N./2
Zgr)_ Z Z/ — EToym
(n— l)ts
— (- 1)T,5“" —{Tm) \ dt . (6)
C. MTOK-IR

Instead of binary sequenceasedin DS-IR, ternary se-
guenced6] canbe usedto generatea MTOK-IR signal,and
the receved signal becomes

(mt) NG

2

mt)

r(mh) (t) = — KT — ) +n(t) ,
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where d(’“t) € {-1,0,1} arethe ternary codesfor the jth
pulse. The codevord lengthis N(’”t) andthe numberof non-
zerocodavord elementdi.e., the numberof pulses)is denoted
by Ns(mt). The symbol enegy, numberof symbolsused,and
the symbol durationare given by E{™), N{™9  and T\,
respectiely.

The samplescollected at the recever are processedas
follows

N(mt)+1 N(mt)

(mt) _ ‘
" N,g(;nng Z Z ~/('n 1)ts (

— kT

sym

- (- 1)T§mt>)‘ dgt’“"”)dt 9)

Wheredgtm””) is the templatecorrelationsequenceisedat the

recever, andis given by

P _ |d(mt)| if uni-polartemplate(UPT),
I 2 x |d{™| —1 if bi-polar template(BPT),

(10)

wherethe MTOK sequencesanbe appropriatelydesignedo
have zero autocorrelationsidelobesafter they are processed
with the BPT atthe recever (which is assumedn the sequel).

D. TH-IR

As the last signalingwaveform, the receved TH-IR signal
canbe expressedas

1/ Wit (t — kTyym — €) +n(t) , (11)
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Fig. 3. PDFandCDF of the enegy in the leadingenepy block, andcorre-
spondingquadraticcurve-fit for the enegy PDF (1000 CM1 realizationg5]).
The transmittedenepy is setto unity (T, = t; = 4ns), a single pulseis
transmited and sampledwith an enegy detectorat the recever.

wherec"™ andd{"™ arethe TH codesandpolarity scrambling
codesmZ desweduser respectrely. Frameandchip durationof
of TH-IR aredenotedby T(”‘) =0. 5T(”) andT ™ = 17,
respectiely.

At the recever, the samplesare collectedand processeds
follows for the TH-IR signal

Noym~+1 N,

(th)_ /
o ym I; Z (n—1)t,

—(- 1)T]£“’> - c§th>T§th)) ‘ dt .

I1l. THRESHOLD SELECTION FOR TOA ESTIMATION

The TOA estimationalgorithmis closelytied to the acqui-
sition schemeemployed in the transcever. In this paper we
assumethat the transmittedsignal containsa preamblethat
is long enoughto allow accuratelysynchronizethe recever
to the peak enegy 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 enegy may be very small comparedto
the total transmittedenengy, since the enegy is distributed
over various multipath componentsin Fig. 3, about10% of
the time, the leadingblock enepy is seento be considerably
small comparedto the transmittedenegy for CM1, which
emphasizeshe importanceof thresholdselection.

In [7], thresholdselectionwas achiered by simply setting
the thresholdsbased on a normalized value betweenthe
minimum and maximum enegy samples.Even though this
techniqueaccountsboth the signal and noise enegy levels,
anddoesnotrequireany parameteestimationrelatively weak
leadingedgesamples(comparedto the peak)can be missed.
In Fig. 4a, the cumulative distribution function (CDF) of the

aximumenepy to leadingedgeenegy ratio (MER) is given
for 1000 CM1 channelrealizations.Sinceit may occur that
only a small portion of the leadingpulseenepy is contained

kTsym

(13)
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Fig. 4. a) The CDF of MER, b) The delaybetweenthe enegy peakandthe
leadingedgefor CM1 (T}, = ts = 4ns).

in the leading enegy block, the MER can be as large as
40dB (not showvn on plot), and is smaller than 300 with
90% probability. Therefore,setting the normalizedthreshold
to 1/300 will miss10% of the leadingedgeblocksin noise-
free channel.On the otherhand,Fig. 4b shows thatthe delay
betweenthe peak and the leading edge may be as large as
60ns for CM1, which we setour searchbackvindow length.
Anotheralternatve for settingthe thresholdss usingsolely
thenoiselevel, which hasto be estimatedorior to leadingedge
detection.Let p.4 and o2, be the meanand the varianceof
the noisesampleghat areat the outputof the enegy detector
and after arny processinggain (multiple pulsesper symbol,
or multiple symbols). Then, the probability of erroneously
interpretinga noise sampleas a signhal sampleis

Pro=Q (M) ,

Oed

(14)

where ¢ denotesa threshold,peq = Mo?2, 02, = 2Moy,

and M = 2Bt 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 M, or large processinggain, andis valid for large Ny,

assumedin this paper By fixing Py,, £ can be calculated
from (14) as

5 = aedQ_l(Pfa) + Ued -

If thereare no noise-only samplesbetweenthe leading edge
and the peak, the thresholdingtechnique discussedabove
successfullytracksthe samplegtill the leadingedge,and the
leadingblock estimateis given by

(15)

n = First{n' Zy >€&and 21 < E} + Nz — Wep , (16)

wherethe hypothesisn’ € {1,2,...,ws — 1,wg} are tested
backwards startingfrom n' = wg down to n' = 1, ny,, IS
the sampleindex for the peakenegy, the search-backrector
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T
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Fig. 5. Theoreticaland simulation MAE of the TOA estimatedfor a 2-tap
channel(Py, = 0.05).

is given by

= [anszsb e —Wwep+1 Rlme | 5 (17)

and wg, is a search-backvindow lengththat is setbasedon
the statisticsof the channelNote that z,, maybeary of zﬁlds),
L) mt) o (th)

Considera simple exampleto illustrate the performanceof
this searchbaclalgorithm, wherea 2-tap channelis analyzed
using a single-pulseand single-symbol,and mean absolute
error (MAE) of the TOA estimateis comparedusing simula-
tions and theory The tap weights are selectedas (0.6, 0.8),
with a 4ns separationin between,andit is assumedhat the
centerof the blocks are perfectly synchronizedto the peak
of the receved pulses.Assumingthat the recever is already
locked to the secondblock, a searchbackis performedto
find the last threshold-&ceedingsampleusing Py, = 0.05.
Theoretically speaking,with the restrictionsassumed(since
the TOA estimatesare assumedo 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 0.5t, = 2ns,
while every neighboringblock addsanothert, = 4ns error.
The theoretical MAE for this simple scenariocan be easily
derived as in Appendix, and the resultsin Fig. 5 showv that
MAE corvergesto 2nsafter16dB (reachinga 90% confidence
of 3ns at 14dB, which is not shawvn).

However, the receved multipath componentsin typical
UWB channelsusually arrive at the recever in multiple
clusters,.e., groupsof MPCsthatare separatedby noise-only
samplesin Fig. 6a, the probability densityfunction (PDF) of
the numberof clustersprior to the peaksampleis presented
for CM1, andFig. 6b presentghe PDF of the delaysbetween
ary two clustersif thereis at least one cluster prior to the
peakenegy sample.Sincethe statisticsshowv that there may
be delaysaslarge as 20ns betweenthe clusters the algorithm
discussechbore may lock to a samplethat arrives later than
the leadingedge.

On the other hand, by allowing a numberof consecutie
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occurrence®f noisesampleswhile continuingthe backward
searchtheclusteringproblemmaybehandled Thefalsealarm
probability when K multiple consecutie noise samplesare
consideredcan be calculatedfrom

Pe =1 1 & — llea K
fa=1-11-Q(—— ; (18)
Oed
which leadsto a thresholdgiven by
£=0Q (1= (1= Pr)¥*) 4 pea . (19)

Note that the bestchoiceof the thresholdis a function of K,
whichis thekey ideaof this paper Theleadingedgeestimation
is then modified asfollows

A= First{n' Zpr > & and

max{gn’—la Znr—2, -y Zmax(n’—K,l)} < é-} + Mg — Wsp -
(20)

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

Sincethe leading edgedetectionproblemdiscussedabove
requires searchingback the paths prior to the peak, it is
susceptibleo any kind of interferencewithin the searchback
window. Even in the interference-freecase, the transmitted
sequencesshould have long enough zero correlation zone
(ZC2Z) 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 sequence®f length 31 proposedin [6] have
optimal correlation characteristicsvhen they are processed
with BPT at the recever. However, this comesin the expense
of (almost) doublednoise variance(e.g., comparedto a TH
case)sincethe correlationtemplateis of length(almost)twice
the numberof pulsestransmitted(i.e. 16).

Correlation

Correlation

0 10

30
Sample
(b)

40 60

TH (2CZ=29)

Correlation
N

Fig. 7. Periodiccodecorrelationsfor MTOK-IR and TH-IR (2 periods):a)
Periodic MTOK correlationusing a uni-polar template (UPT), b) Periodic
MTOK correlation using a bi-polar template (BPT), c) Periodic TH-IR
autocorrelation.

The TH sequencexn the other hand,have to be designed
appropriatelyto have a ZCZ. Consideringthat the MED of
the channelcan be larger than 100ns for CM1, ideally, the
ZCZ hasto be larger than 100 + wgts. While the length of
ZCZ increasesvith theframedurationTy, PAPR requirements
enforcethat the pulse-to-pulsedurationis sufficiently small.
In this paper we restrictedthe frame durationT!™ to 128ns,
which yields a codecardinality N, = 32 for T,, = T}, = 4ns.
Brute-forcesearchof ZCZ codesfor N, = 4 yieldssequencés
with ZCZ at most 29 (i.e., 120ns) with a peakto side-lobe
ratio (PSLR)of 4. However, the pulseto pulsedurationof the
sequencemay not be random enough for smoothingthe spec-
tral lines dueto ZCZ restriction, and spectralcharacteristics
may have to be adjustedfurther usingthe polarity coding. In
Fig. 7, the periodic correlationsof MTOK and TH sequences
are presentecbver two sequenceeriods.

Comparedo MTOK-IR andTH-IR, DS-IR is lesssuscepti-
ble to clusteringeffectsin the searchbacktep,sincethe pulses
are (almost) consecutiely transmitted. As emplgying the
training symbol sequence$with PPM) for piconetseparation
in DS-IR canbeinterpretedhsa 2-level time-hoppingtheZCz
becomeson the order of Tj,,,,,, which allows a large window
for searchbackThe drawvback of DS-IR is that it doesnot
exploit the processinggain available,and may performworse
if Ngym is not sufiiciently large. On the other hand, TR-IR
fallsin betweenTH-IR andDS-IR dueto thetransmittedpulse
pairs; it is lessaffected from clusteringproblem,and hasa
larger ZCZ comparedio TH-IR, though exploiting only half
the processinggain of that of TH-IR.

IV. SIMULATION RESULTS

Simulationsare performedto comparethe TOA estimation
errorsfor different scenariosin all simulations,t;, = T, =

1The searchyields 928 sequencesand may further be prunedto leave the
oneswith good cross-correlatiorand/orspectralcharacteristics.

2UsedMTOK codeis d(™*) =[1 —1 —10001 —10111010 —
10000100 -10-1100 —1 —1]. UsedTH codeis c(**) = [0 3 3 2]
with Np, = 32 anda ZCZ of 29.



TABLE |
COMPARISON OF PARAMETERS AND NOISE STATISTICSFOR DIFFERENT OPTIONS (M = 4, Es(mt) =4FEy).

DS-IR TR-IR MT OK-IR TH-IR
(Ns, Tsym, Nsym) | (4,512ns8000) (4,512ns8000) (16,1984ns2000) (4,512ns8000)
(Te, Tt Tppm, D) (6ns,—256ns,-) (4ns256ns,—16ns) (64ns,——-) (4ns]128ns,—,-)
Bed Mo2 =14 2Mo2 =38 16Mo2 — 15Mg2 =4 4Mg2 =16
2 2 2 2
o2, N = 0.001 | 2x 3en = 0.002 | 31X o Z3y = 01240 | 4 x oon = 0.004
(wgp, K) (60ns2) (60ns3) (60ns3) (40ns3)
&, (P, = 0.0001) 4.1205 8.1798 5.4004 16.2575
&, (Prq = 0.001) 4.1041 8.1522 5.1983 16.2152
&, (Pg, = 0.01) 4.0814 8.1213 4.9550 16.1715
&, (Psq = 0.05) 4.0618 8.0949 4.7470 16.1342

4ns, and signal bandwidth B = 500MHz, yielding a degree
of freedomM = 2Bt, = 4. The noisevariances? = N;/2
is setto 1, andthe symbol enegy E; is scaledto satisfy a
certain E;/Ny. The received signal is averagedover a 4ms
preambleto suppressoiseeffects; note that despitethe non-
coherentaveraging,large numberof symbolsusedyields a
very largeoverall E;/Ny. Thedelaye is takento be uniformly
distributed in (0, 256)ns, and the results are averagedover
1000 channelrealizations All the simulationsare doneusing
the IEEE 802.15.4achannelmodels[5], which are the most
comprehensie standardizedJWB channelmodelscurrently
available.As unifiedandfair framewnork aspossibles targeted
while analyzingall the schemesand parametersre adjusted
accordinglyasillustratedin Table| andFig. 2.

Simulation results correspondingto CM1 for Py, €
{0.0001,0.001,0.01,0.05} are presentedn Figs. 8-11. Both
the confidencelevel of obtaining 3ns timing error, and the
MAE of the timing error are given. While TH-IR hasbetter
enepy collectionatlow E; /Ny, it is seenthatthe ZCZ is not
large enoughandtheinterferencerom the sidelobedbecomes
aproblemasthesignalenegy increasegsincethethresholds
setbasednthenoiselevel only). Thesidelobeproblemin TH-
IR may be alleviatedto an extentby designingandemploying
long-codeswhich have similar ZCZ characteristicsandlarger
PSLRs. On the other hand, DS-IR, MTOK-IR, and TR-IR
achiere 90% accuray asthe E; /N, increasesNote that the
MAE floor is better than that of Fig. 5, and corvergesto
smallerthan 2ns in all P¢,’s. This stemsfrom the fact that
in Fig. 5, the TOA was restrictedto discretevaluesat the
edgesof the blocks,and minimum error that can be obtained
by choosingthe centerof the block is 2ns. On the other
hand,CM1 simulationsassumehatthe TOA takescontinuous
values,and simple analysisshavs 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-coherenTOA estimation.A novel thresholding
techniquebasedon noisestatisticsis presentedyhich yields
accuratdeadingedgeestimatesven at low samplingrates,as
long asthe signalis averagedover mary symbols.

APPENDIX

Let 2. denotethe leadingblock sample,le be the leading
block index, and v blocks are searchedprior to the leading

block. Then,the MAE canbe formulatedas

MAE = P(z < £) X L5ty + P(ze > £) P(21e-1 < &) x 0.5t
+ P(zle > §)P(zle,1 > f)P(zle,g < §) x 0.5t5 + ...

+ P(Zze > 5)---P(zle—u+1 > E)P(zle—u < E) x (v —1.5)ts
(21)

which yields

MAE = 1.5t; x Q (“’—_’5> +

Ole

o] o (0529

0.5t X Q <w) x (1-@ (M)) ¥t
Oed Oed
v—1
(v—1.5)t; x Q (M) % (1 -Q (M) )
Oed Oed
(22)

whereyy, ando?, arethemeanandthe varianceof theleading
enegy block, while .4, o2, arethe correspondingarameters
for noise-onlysamples Note that the expressionscorrespond
to perfectsynchronizationo pulsepeak,anderrorcoeficients
for choosinga certainblock may be formulateddifferently for
a differentsetof assumptions.

REFERENCES

[1] S. Geazici, Z. Sahinoglu,H. KobayashiandH. V. Poor Ultra Wideband

Geolocation. JohnWiley & Sons,Inc., 2005,in UltrawidebandWwireless

Communications.

N. He and C. Tepedelenlioglu,’Performanceanalysisof non-coherent

UWB recevers at different synchronizationevels; in Proc. IEEE Int.

Conf. Global Comm. (GLOBECOM), Montreal, CanadaNov. 2004, pp.

3517-3521.

A. Rabbachinand I. Oppermann,'Synchronizationanalysisfor UWB

systemswith alow-compleity enegy collectionrecever,” in Proc. |IEEE

Ultrawideband Syst. Technol. (UWBST), Kyoto, Japan,May 2004, pp.

288-292.

J.YuandY. Yao,“Detectionperformanceof time-hoppingultrawideband

LPI waveforms; in Proc. IEEE Sarnoff Symp., Princeton,New Jersg,

Apr. 2005.

A. F. Molisch et. al., “IEEE 802.15.4achannelmodel - final report;

2005,tech.rep.doc: IEEE 802.15-04-0662-02-004§0nline]. Available:

http://wwwieee802.ay/15/publ G4a.html

F. Chin, “Impulse radio signaling for communicationand ranging

April, 2004, doc.: IEEE 802.15-05-0231-00-00440nline]. Available:

http://802wirelessarld.com

[7] I. Guwenc and Z. Sahinoglu, “Threshold-basedTOA estimation for
impulse radio UWB systems, IEEE Int. Conf. UWB (ICU), Zurich,
Switzerland,Sept.2005, acceptedor publication.

(2]

(3]

[4]

(5]

(6]



P._=0.0001
L P '

3ns Confidence Level
o
[oe]
(92}

16

0.8
0.75
N
07 ; ; ;
6 8 10 12
EJN, (dB)
(@)
°
>
[}
|
(]
Q
c
()
=l
E
o
o
12}
& 0.751F

—— MTOK-IR

—&— TH-IR

0.7 i i i
6 8 10 12

E/N, (dB)
(b)

14

16

18

Fig. 8. Confidencdevel of 3nsfor a) P¢, = 0.0001 andb) Pf, = 0.001.

1 ‘ ‘
_ _ 7]
% Pfa—0.0l
—
(]
e h
[}
b
€
o
@]
[%]
=
& —&—TH-IR
07 i i i i :
6 8 10 12 14 16 18
EJN, (dB)
@
1 ‘
T P_=0.05
2 fa /g
—
8 09 .
c
(3]
b
€ —v—DS-IR  [§
8 o8f —6—TR-IR ]
@ —=— MTOK-IR
& —8—TH-IR
07 i i i i :
6 8 10 12 14 16 18
EJN, (dB)

(b)

Fig. 9. Confidenceevel of 3nsfor a) Py, = 0.01 andb) Py, = 0.05.

MAE (ns)

MAE (ns)

MAE (ns)

MAE (ns)

DS-IR TR-IR MTOK-IR

m

TH-IR

Pfa:0'0001 7
100 I I Il L L
6 8 10 12 14 16 18
E.IN, (dB)
()
4 DS-IR TR-IR MTOK-IR = TH-IR|

6 8 10 12 14 16 18
EN, (dB)

(b)

Fig. 10. MAEs for a) P¢, = 0.0001 andb) Py, = 0.001.

| DS-IR TR-IR MTOK-IR —&— TH-IR|

A\
)
100 Il Il Il L L
6 8 10 12 14 16 18
EN, (dB)
(@)
| DS-IR TR-IR MTOK-IR —&— TH-IR|__—4
V\ﬁ\s'\ﬁ\f
P, =0.05 y
o fa
10 ‘ ; ‘ ; ;
6 8 10 12 14 16 18
EJN, (dB)

(b)

Fig. 11. MAEs for a) Py, = 0.01 andb) Pf, = 0.05.



	Title Page
	Title Page
	page 2


	Non-Coherent TOA Estimation in IR-UWB Systems with Different Signal Waveforms
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7


