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Abstract— Ultra wideband technology showvs promisefor pre-
cision ranging due to its ne time resolutionto resohe multipath
fading and the presenceof lower frequenciesin the baseband
to penetrate walls. While a concerted effort has beenconducted
in the extensive modeling of the indoor UWB channelin recent
years, to our knowledge only two papers have reported ranging
performance, but for limited range and xed bandwidth and
center frequency In principle boosting power can guarantee
connectiity betweentransmitter and recever, but not precision
dueto the distorting effectsof walls and other objectsin the dir ect
path. In order to gaugethe limits of UWB ranging, we carry out
5000 measuementsup to an unprecedentedd5 m in non line-of-
sight conditions in four separate buildings with dominant wall
material varying from sheetrock to steel.In addition, we report
performance for varying bandwidth and center frequencyof the
system.

Index Terms— Channel modeling, frequency domain, vector
network analyzer

I. INTRODUCTION

Ultra wideband (UWB) signals are characterizedby a
bandwidthgreatetthan500 MHz or oneexceeding20% of the
centerfrequeng of radiation[1], [2]. Suchtechnologyshovs
promisefor indoor rangingdueto its ne time resolutionto
resohe multipathfadingandthe presencef lower frequencies
in the basebando penetratewalls. The approval of the FCC
unlicensedbandfrom 3.1-10.6GHz in 2002 hasprompteda
concerteceffort in the extensive modelingof the indoor UWB
channelin recentyears.Irahhauterprovidesa comprehensie
overview of indoor UWB measurementsn the time and
frequeny domaing[3]. Tablel summarizeghis overview, but
augmentedo include reportedmeasurementso date. Most
referencesn the table provide channelmodelscharacterized
by pathloss, small-scalefading, and delay spread.The most
comprehensie of the modelsproposedby Molisch also in-
cludesfrequeny fading and clustersin the multipath pro le.
The latter gatherameasurementsonductedy separatgarties
with similar parameterdo investigatenot only threeindoor
ervironmentsput alsotwo outdoorervironmentsandthe body
areanetwork.

Emegeng responsesystemsn particularrequirethat mo-
bile rescuedevicesinside a building maintainconnectvity to
at leastthree basestationsdeployed outsideto estimatetheir
locations through triangulation of ranges[12]. In principle
boostingtransmissiompower to levelsabove the FCCmaskcan
ensuresuchconnectity for large buildings, however connec-
tivity alone cannotguaranteeprecisiondue to the distorting
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| | Prin.Investigator | f range | environment | range |

» | Yano[4] 1.25-2.75GHz | ofce 17m
& [ Cassioli[2], T6], T7] 3.6-6GHz | ofce 18m
= [Prettie[5] 2-8GHz | res. 20m
... | Kunisch[8] 1-11GHz | ofce 10m
2 | Keignart[9] 2-6 GHz | ofce 7res. 20m
§ Ghassemzadeli0] 2-8 GHz | res./ commercial | 15 m
& | Molisch [11] 3-10GHz | res./ 28m

industrial/ ofce | 20 m

TABLE |

OVERVIEW OF REPORTED INDOOR UWB MEASUREMENTS.

effects of walls (and other objects)in the direct path. The
numberof wall interactionsin generalincreaseswith range,
leadingto a degradationin performancedue to the physical
limits of the system.This evaluationquanti esthe degradation
up to an unprecedented5 m dueto the large dynamicrange
of our measuremensystem.

Similar to [8], [9], [10], [11], we carry out 5000 measure-
mentsin the frequeny domain from 2-8 GHz, however in
a homogeneougashion throughoutfour separatebuildings.
Ratherthan extract a channelmodel, we report the ranging
performancédasedon time-of- ight estimation.To our knowl-
edge,only Denis and Scholtz have performedsuch a study
[13], [14], [15], however to dateno effort hasbeendedicated
to the evaluationof this performanceaccordingto variationin
systemparametersSpeci cally, the main contritution of this
paperis a study of the relationshipbetweenrangeerror and:

bandwidth precisionincreaseswith bandwidth,but car
ries diminishingreturnswith the additionalexpense;
center frequency lower frequenciespenetratematerials
bettet';

constructionmateriat compareperformancewith typical
building construction materials varying as sheetrock
(easy),plaster cinder block, to steel (most dif cult) to
gaugelower and upperboundson the technology rather
thanwith building layout(i.e. of ce, residentialtypically
have the samewall materials);

long range: the high dynamicrangeof our systemallows
usto spand5 m andexaminethe limits in thetechnology
inherentto the interactionwith up to 12 walls.

We also computepath loss for all the experimentsto render

Lcassioli[16] performeda similar study of the relationshipbetweenpath
lossand centerfrequeng.
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Fig. 1. Theimpulseresponsef the channel.

theresultsindependentf our particulartransmitterpower and
recever sensitvity.

The paperreadsas follows: Sectionll describeshe tech-
nigue for channel measuremenin the frequeny domain
usedto estimaterange,and Sectionlll provides the details
of our equipmentsetup. Section IV outlines our suite of
measurementand presentgshe resultsboth throughstatistical
measuresindin graphicalformat, followed by conclusionsn
the last section.

[I. PRELIMINARIES
A. Theindoor propagation channel

The indoor propagationchannelis corventionallymodeled
by an impulse train correspondingto K multipath arrivals
indexed throughk [17]:

K 1
h(t) = K (t

k=0

where  representghe delay of the arrival in propagating
betweernhetransmitterandtherecever, and  representshe
comple-valuedamplitudewhich accountdor bothattenuation
andphasechangedueto re ection, diffraction,andotherspec-
ular effectsintroducedby walls on its path.Fig. 1(a) displays
a typical impulseresponsdor line-of-sight(LOS) conditions
betweenthe transmitterand the recever. Ranging systems
basedon time-of- ight estimatethe delay ; corresponding
to the arrival of the rst impulsein the responsepr leading
edee. Since the signal propagatesat the speedof light ¢ in
free spacethe rangebetweenthe radiosis estimatedasc ;.
Indoor propagationdelivers mary and closely-packd ar
rivals to the receiver inherentto the smaller dimensionsof
objects comparedto outdoors. Ultra wideband technology
transmitspulsessufciently narrowv in time to allow for path
resolution at the recever, avoiding overlap of the pulses
which may otherwisecombinein a destructve mannerand
rendermpoorresults EventhoughUWB cansuccessfullysolate
multipath arrivals, the interaction of the signals with the
walls and other objects distorts the signal. In non line-of-
sight (NLOS) conditionssuch as in Fig. 1(b), the leading-
edge path propagatingthrough walls may appearattenuated
with respecto anotherre ected path,or evenburiedbelow the

k); 1)

noise oor of thechannel Evenif detectabletheleadingedge
propagateshroughwalls at a slower speedthanlight, adding
anirrecoverabledelaywith eachin the estimationof ¢ since
the numberof walls and constructionmaterialare unknown a
priori: sheetrock (cinderblock) introducesanadditionaldelay
of 1.8 - (3.4 =) for a total error of 54 cm (102 cm)

through10 walls typically 10 cm thick [18]. This phenomenon
placesa physicallimit on the performanceof the system.

B. Time-of- ight estimation
The impulseresponseof the channelin (1) hasthe corre-
spondingfrequeng response
1 .
Hf)= e l? '
k=0

)

suggestingthat the channel can be characterizedthrough
frequeny measurementsA vector network analyzer(VNA)
can measureH (f ) at discretevalues of f with sampling
interval f; a discretefrequeny spectrumtranslatesto a
periodic signal in the time domain with period if [19].
Choosing f = 1.25MHz allows for a maximum multipath
spreadof 800 ns, which provessufcient throughoutall four
buildings for the arrivals to subsideand avoid time aliasing.
Thefollowing sectionprovidesthe detailsof our measurement
system.

Characterizingthe channelin the frequengy domain of-
fers an important advantageover transmittinga x ed pulse
and recording the impulse responsedirectly: namely once
we sweepthe 2-8 GHz band of interest,a sub-bandwith
bandwidth B and the centerfrequengy f. can be selected
a posteriori in varying the parametersof the system.The
correspondingmpulseresponseanbe recoveredthroughthe
InverseDiscreteFourier Transform(IDFT) [20]:

H(f)e? "'+ H (fle 2
1=0

wheref = f. S +1 f.

In orderto estimate ¢ , we rst applya Gaussiarwindow to
the sub-bandthis reducethesidelobesn thetime domainafter
takingthe IDFT. A simplebut effective thresholdingechnique
estimatesthe leading edge from the impulse response:it
calculatesthe mean and standarddeviation of a x ed-
length sliding window originating at the beginning of the
impulse responseThe length of the window is 20 Bl ns,
and so 3.33 ns for 6 GHz. We selectthe leading edge as
the rst valuein front of the window, occurringattime ¢, to
exceeda dynamicthreshold Assuminga Gaussiardistribution
for the valuesof the noise beforethe leading-edgg21], the
dynamicthresholdis de nedas + a , wherethefactora 2
(12; 20) was optimized for eachbandwidth. The thresholder
correspondedxactly to our visual perceptionof the leading-
edgein greaterthan 98% of the trials, andin the remaining
percentageadeviated by only few nanosecondsOther papers
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Fig. 2. The measuremergystemusing the Vector Network Analyzer

in literatureproposealternatve thresholdgor estimating ¢ in
UWB rangingsystemdailoredto their speci c measurements
[15], [21], [22].

I1l. MEASUREMENT SYSTEM

The diagramof our measuremengystemappearsn Fig. 2.
As explainedin the previous section,the VNA emitsa series
of toneswith frequeng f at Port 1 and measureshe relative
amplitude and phaseS,; (f) at Port 2, providing automatic
phasesynchronizatiorbetweenthe two ports. The long cable
enablesvariable positioning of the omnidirectional conical
monopoleantennadrom eachotherthroughoutthe testarea.
The pre-ampli er and power ampli er on the transmitbranch
boostthe signalsuchthatit radiatesat approximately30 dBm
from the antennaAfter it passeshroughthe channelthe low-
noiseampli er (LNA) ontherecever branchbooststhe signal
above the noise oor of Port 2 beforefeedingit back.

Full two-port calibration of the VNA precedesmeasuring
the Sp1(f )-parameterof the network in Fig. 2 expressed
through

Sou(f) = HEA(F) HEN(F) H(F) HAT(f) HEA(F); (4)

the productcomposedrom the T x-branch,the Tx-antenna,
the propagatiorchannelthe Rx-antennaandthe Rx-branch.
The frequeny responseof the channelH is extracted by
individually measuringn advancethe transmissiorresponses
Hbra:Hpra andHam = Hamt = Ha% (assumingidentical
antennaspnd de-embeddinghem from (4). The characteris-
tics of the antennaswvere measuredy separatinghem by a
distanceof 1.5 m to avoid the near eld effectsand spatially
averaging them through rotation with respectto each other
every ten degrees.Their height was setto 1.7 m (average
humanheight).
Note in particularthe following implementationconsidera-

tions:

to accountfor the frequeng-dependenlossin the long

cablewhen operatingacrosssucha large bandwidth,we

rampedup the emitted power at Port 1 with increasing

frequeng to radiatefrom the antennaat approximately

30 dBm acrossthe whole band;

building ][ wall material | LOS range(10) [ NLOS range(40) |

NIST sheetrock / 1.2-24.3m 1.7-40.7m

North aluminumstuds max wall#: 12

Child plaster/ 2.0-15.7m 4.7-33.0m

Care woodenstuds max wall#: 7

Sound cinderblock 3.4-45.0m 5.9-40.8m
max wall#: 9

Plant steel 2.9-43.7m 4.9-44.0m
max wall#: 8

TABLE 1l

EXPERIMENTS CONDUCTED IN MEASUREMENT CAMPAIGN.

we removed the LNA from the network in experiments
with rangebelony 10 m to protectit from overloadand
alsoavert its operationin the non-linearregion;

to extendthe dynamicrangeof our systemwe exploited

the con gurable test set option of the VNA to reverse
the signal path in the couplerof Port 2 and bypassthe
12 dB lossassociatedavith the couplerarm. The dynamic
rangeof the propagationchannelcorrespondso 144 dB

as computedthrough[9] for an IF bandwidthof 1 kHz

anda SNR of 10 dB at the recever;

to accountfor small-scalefadingin estimatingpath loss
(andalsofor temporalvariationin the measurementsiior

eachexperimentwe centeredh 5 5 grid constructedrom

a woodenplank on the oor aboutthe nominallocation
of the recever antenna.The distancebetweenthe grid

points was 15 cm, correspondingto a full wavelength
at 2 GHz, ensuring spatial independenceéetweenthe

measuregointsfor a total of 25 sub-eperiments.

IV. EXPERIMENTAL SETUP AND RESULTS
A. ExperimentalSetup

The measurementampaignwas conductedn four separate
buildings on the NIST campusin Gaithershirg, Maryland,
eachconstructedrom a dominantwall materialvarying from
sheetrock (easy)to steel(mostdif cult). This variety allows
gauginglower and upperboundson the performanceof UWB
technologyfor indoor ranging. Table Il summarizeshe 50
experimentdn eachbuilding (10 LOS and40 NLOS), includ-
ing the maximumnumberof walls separatinghe transmitter
andrecever. As an example,considerthe mapof NIST North
in Fig. 3: the experimentswere drawn from the two setsof
31 transmitterlocationsand 5 recever locations, indicated
by the solid and empty circles respectiely, to the end of
achierzing a uniform distribution in rangein both LOS and
NLOS conditions.Thesolid line identi es the experimentwith
thelongestrangeandthe 12 walls betweerthe transmitterand
recever. For the mostpart,the measurementseretaken after
hoursto minimize ary disturbancedue to the movementof
personnethroughoutthe buildings.

B. Results

This subsectionreports the range error of each sub-
experimentde ned asthe absolutedifferencebetweenthe es-
timatedrangeandthe ground-truthrangeat the corresponding
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Fig. 3. The mapof the NIST North building.

point on the grid. The ground-truthrangeswere computed
by pinpointing the nominal locationsof the transmitterand
receverwith alasertapefor eachexperimentin the campaign,
andautomaticallyextrapolatingthe 25 rangeson thegrid using
a CAD model of eachbuilding layout, for a total of 5000
measurement$50 experiments 25 sub-eperiments 4

buildings). Table Il reportsthe statisticsof the ensembleof

sub-experimentscorrespondindo eachcross-labeledcenario
in the following format; |mn e:fgnniﬁ'(dnwsa?_x(?}cm) s where o) ;Mine

and max. are the mean, standarddeviation, minimum, and
maximumvaluesof the rangeerror, and PLy and respec-
tively characterizethe referenceloss at dg = 1 m and the
exponentof the single-slopepathloss model [10]:

PL(d) (dB)= PLo+ 10 logy,

do
Reporting the path loss for each scenariodisassociateshe
results from our particular transmitter power and recever
sensitvity.

Theplotsin Fig. 4 illustratethe rangeerror (cm) versusthe
ground-truthrange (m) for selectedscenariosin the tabl€.
The mean  of eachscenariofrom Tablelll alsoappearson
the plot as a dark squareto highlight the trend in parameter
variation.Fig. 4(a)displaytheresultsfor the LOS experiments
in Soundwith f. = 5 GHz while varyingB = f0.5,1, 2, 4,
6g GHz, the latter multiplexed on the abscissaThe error lies
within 12 cm (22 cm) for 6 GHz (4 GHz) up to 45 m. No
obvious correlationexists betweenerror and range, however
performancémprovessigni cantly with increasingpandwidth,
but at diminishing returns: . dropsfrom 49 to 34 cm from
0.5to 1 GHz, but only from 9 to 6 cm from 4 to 6 GHz;

(®)

2To avoid clutter eachpoint indicatesthe rangeerror averagedover the 25
sub-e&perimentsversusthe nominal rangeof the experiment.

this phenomenonholds true throughoutall scenarios.The
LOS experimentsin the other three buildings exhibit similar
behaior asin Sound with the bestresultsin NIST North.

Overall the systemdelivers ¢ =5 cm for 6 GHz throughout
all four buildings tested.

Figs. 4(b-e) display the NLOS experimentsin all four
buildings with f. = 5 GHz while varyingB = f0.5, 1, 2, 4,
6g GHz. While notablyworsethanthe LOS experimentsthe
error still lies within 40 cm (1% relative error) in NIST North
for a bandwidthgreatethan4 GHz (exceptfor threeof the 40
experimentsiandyields ¢ =23cmat6 GHz;theseexceptions
however attestto the breakdavn of the technologyat longer
rangesexperiencedthroughoutall buildings. The mean
increaseso 29 and80 cm for 6 GHz in Child Care andSound
with most of the errorsbelov 100 (3%) and 150 cm (4%)
respectiely; consideringthat the signal traversesup to 40m
and9 walls in thesetwo buildings, the resultsfare quite well,
especiallysince computinglocation by triangulatingthree or
more rangescan reducethe location error by an order of
magnitudewith respectto the rangeerror [12]. Despitethe
small pathlossin Plant dueto the favorablepropertiesof the
walls which behae aswaveguides,the systemprovides ¢ =
386 cm and an error lessthan 350 cm only upto 15 m at 6
GHz, clearly manifestingthe impenetrablgropertiesof metal
by the direct path. Note that the maximum path loss of 125
dB acrossall experimentsoccursin Sound andstill lies well
within the dynamicrangeof our system.

In most scenariosacross the four buildings, the error
increasessubstantiallyat higher center frequenciesdue to
larger associatedpath lossesas quanti ed in Table llI; this
phenomenosurfacesmorein Sounddueto thicker walls than
in NISTNorth andChild Care. Figs. 4(f-h) displaythe NLOS
experimentsin the Soundbuilding for B = 1, 2, and4 GHz
while varyingf., the latter multiplexed on the abscissaFor all
threebandwidths, . increasesabout30 cm from the lowest
to the highestcenterfrequeng.

V. CONCLUSIONS AND FURTHER WORK

Our nominal rangingsystemwith 6 GHz bandwidthand 5
GHz centerfrequeng delivers a meanrangeerror of 5 cm
in LOS conditionsup to 45 m throughoutall four buildings
tested.Thiserrorincreaseso 23, 29,and80 cmfor sheetrock,
plaster andcinderblock wall materialsrespectrely in NLOS
conditions;the systemrangeswithin 350cmupto 15m in the
steelbuilding, but the performancelegradesapidly thereafter
The rangingprecisionimprovessigni cantly whenraisingthe
bandwidthfrom 0.5 GHz to 4 GHz, but at a diminishingrate,
and shaws virtually no further improvementat 6 GHz. The
error increasesabout30 cm from a centerfrequeng of 3 to
7 GHz dueto larger pathlossof the latter.



(a) Sound LOS, fc =5 GHz

(c) Child Care, NLOS, fc = 5 GHz

(e) Plant, NLOS, fc =5 GHz

(g9) Sound NLOS, B = 2 GHz

Fig. 4. Rangeerror (cm) versusground-truthrange(m) for selectedscenarios.

(b) NIST North, NLOS, fc =5 GHz

(d) Sound NLOS, fc =5 GHz

(f) Sound NLOS, B = 1 GHz

(h) Sound NLOS, B = 4 GHz



‘ ‘building ‘| B=05 | B=1 [ B=2 [ B=4 [ B=6 |
[ fe= [ =3 ] fc=5 [ fo=7 | =3 [ =5 fe=7 [ fc=4 ] =5 ] fo=6 | =5 ]

NIST 34,13 16,7 17,7 21,13 3,6 12,7 18,9 34 6,4 6,3 3,4
North 17,56 6,37 6,33 8,47 1,20 3,21 2,31 1,12 1,12 3,12 1,13

42,1.6 42,1.3 42,15 42,16 40,1.4 43,15 43,1.6 41,14 44,1.3 43,15 42,1.4
Child 23,30 11,7 11,6 10, 10 9,4 9,5 9,5 6,15 6,58 10,7 46
Care 9,103 7,26 8,24 6, 35 4,20 4,22 4,20 2,50 2,18 1,18 0,15

43,2.2 40,2.2 44,21 44,2.1 38,2.3 45,1.8 46, 2.0 41,2.1 45,1.8 45,1.9 42,2.1

49,22 23,19 34,16 35,10 19,9 23,11 23,11 8,6 9,7 7.5 6,4
Sound 22,90 16,75 9,64 22,49 1,23 9,40 9,41 1,19 4,22 1,16 1,12

34,2.4 37,18 33,25 28,2.8 34,2.0 34,2.4 29,2.7 34,2.1 35,2.2 31,2.6 32,23

66, 31 38,12 39,30 39,12 22,8 23,16 23,11 16, 10 14,9 12,8 7,9 LEGEND
Plant 38,128 | 24,54 19,112 19,53 3,24 5,53 4,36 2,30 2,24 2,22 1,26 e(cm), e(cm)

35,2.0 36,1.7 36,2.0 34,22 34,1.7 37,19 34,2.1 35,1.8 37,18 35,2.0 35,1.9 min ¢ (cm), max ¢ (cm)
NIST 91,112 60, 87 56, 82 55, 33 36,71 38,72 41,25 27,67 28, 64 29,23 23,24 PLo(dB),
North 16,595 | 20,522 | 18,418 | 20,205 5,258 7,251 11, 160 5,187 4,170 4,149 1,140

27,4.6 25,45 27,4.6 23,4.9 21,4.7 27,4.6 25,4.8 24,4.6 27,45 26,4.7 24,4.6
Child 107,76 60, 60 68, 60 83,52 44,52 46, 42 53,46 37,35 31,34 36, 37 29,33
Care 23,372 | 10,277 | 10,282 | 10,191 4,238 5,161 4,174 4,150 4,127 3,128 2,127

17,6.4 18,5.8 17,6.4 13,6.9 18,5.6 17,6.4 14,7.0 19,5.7 18,6.3 16, 6.6 19,5.8

186,190 | 113,135 | 151,157 | 142,176 | 97,112 | 88,137 | 127,228 | 72,103 | 82,119 | 102,146 | 80,124
Sound 34,783 | 21,601 | 32,612 | 32,607 | 16,515 | 22,531 | 19,527 7,337 7,348 7,458 6, 408

29,5.2 28,4.8 30,5.1 30,5.3 26,4.8 30,5.1 33,5.2 28,4.9 31,5.0 31,5.1 29,4.9

561,578 | 473,451 | 510,520 | 557,520 | 413,444 | 397,516 | 487,511 | 339,551 | 386,512 | 430,506 | 386,602
Plant 28,2280 | 32,1786 | 23,2066 | 24,2073 | 39,1676 | 37,2056 | 38,1974 | 43,2090 | 41,2078 | 43,1906 | 43,2378

38,3.2 39,2.8 38,3.2 38,3.3 37,2.8 39,3.2 39,3.3 38,2.9 40, 3.0 39,3.2 39,2.9

TABLE Il
STATISTICAL RESULTS FOR EXPERIMENTS.
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