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Abstract— Conversion fr om analog television in the
United States combined with the appeal for broadband
public safetycommunicationsis generatinga lot of interest
in the so-called 700 MHz band between 698-806 MHz.
To our knowledge,no channel propagation model for this
band exists to date. In this work, we derive such a model
reduced fr om a measurement campaign realized thr ough
a stepped-frequency system. The campaign includes 89
transmitter -receiver con�gurations in seven differ ent en-
vir onments relevant to residential, commercial and public
safety communications, ranging fr om subterranean mine
tunnels to an oil re�nery , fr om mid-size to high-rise build-
ings. The stochastic impulse responsemodel is complete
with 17 parameters which enablesreconstruction for use
in simulation engines,amongst others.

Index Terms— Public safety bands; LTE

I . INTRODUCTION

The conversionfrom analogtelevision in the United
Statescombinedwith the appealfor broadbandpubic
safetycommunications,is generatinga lot of interestin
the 700 MHz band.Thus, the 764-776MHz and 794-
806 MHz blocks have beendedicatedto public safety
while the others have been auctionedoff to vendors
for commercialservices,and someblocks for joint use
betweenthetwo [1]. Thisso-called700MHz bandoffers
excellentpenetrationthroughbuildings,which is partic-
ularly useful for emergency respondersand Enhanced
911 services.For commercialvendors,the investment
is motivatedby the favorablepropagationcharacteristics
which extendcoveragesigni�cantly for the sametrans-
missionpower, translatinginto lessinfrastructure:while
it requiresninecellsat 2400MHz andfour cellsat 1900
MHz to span100 m2, it is projectedto requireonly one
cell at 700 MHz [2].

However before any network technologycan be de-
velopedand deployed in this band, there is a needto
characterizeandunderstandthepropogationenvironment
in which it mustoperate.

To our knowledge,no channelpropagationmodel for
the 700 MHz bandexists in the openliteratureto date.
In this work, we derive such a model, reducedfrom
a measurementcampaignconductedin seven different
environmentsrelevant to most usagescenarios,ranging

0This work was funded by the Public Safety Communications
ResearchLab throughNIST's Of�ce of Law EnforcementStandards.

from subterraneanmine tunnelsto an oil re�nery, from
mid-sizeto high-risebuildings.

The paperreadsas follows: SectionII describesthe
stepped-frequency techniqueusedto measurethe prop-
agationchannelbetweena transmitterandreceiver. The
subsequentsection explains our measurementsystem
realizedthrougha vectornetwork analyzer, andoutlines
thecampaign.SectionIV featurestheproposedstochas-
tic model characterizingthe channelimpulse response
with parametersreportedindividually for eachenviron-
ment.The last sectionsummarizesour results.

I I . THE CHANNEL IMPULSE RESPONSE

The impulse responseh(t) characterizesthe static
propagationchannel,appropriatefor usein public-safety
applicationswhererespondersmoveslowly andin stages
through a structure. It is composedfrom an in�nite
numberof multipatharrivals indexed throughk

h(t) :=
1X

k=1

ak ej ' k � (t � � k ); (1)

where� k denotesthe delayof the arrival in propagation
betweenthe transmitterand receiver and the complex-
amplitude ak ej ' k accountsfor attenuationand phase
changedue to re�ection, diffraction, andotherspecular
effects introducedby walls (and other objects) on its
path.

The impulseresponsehasa frequency response

H (f ) =
1X

k=1

ak ej ' k e� j 2� f � k ; (2)

suggestingthat thechannelcanbecharacterizedthrough
the stepped-frequency technique.We sampleH (f ) =
Y (f )
X ( f ) at rate � f by transmitting tones X (f ) across
the channeland then measuringY(f ) at the receiver.
Characterizingthe channel in the frequency domain
offers an advantageover transmittinga UWB pulseand
recordingthe impulseresponsedirectly: a subbandwith
bandwidthB and center frequency f c can be selected
a posteriori in reconstructingthe channel.The discrete
frequency spectrumX (f ) transformsto a signal with
period 1

� f in the time domain [3], and so choosing
� f = 0.375 MHz allows for a maximum multipath
spreadof 2667 ns which proves suf�cient throughout
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(a) Block diagram (b) Time-gatingin the calibrationstep

Fig. 1. The stepped-frequency measurementtechniqueusinga vectornetwork analyzer.

all seven environmentsfor the arrivals to subsidewithin
oneperiodandavoid time aliasing.

The impulse responseh(t) can then be recovered
throughthe InverseDiscreteFourier Transform(IDFT)
of the frequency responseby synthesizingall the fre-
quenciesin the subbandas

h(t) =
1
B

� f

B
� fX

l =1

H (f )ej 2� f t ; (3)

wheref = f c � B
2 + l � � f .

I I I . THE MEASUREMENT SYSTEM AND CAMPAIGN

A. Themeasurementsystem

Fig. 1(a) displaysthe block diagramof our measure-
ment system.As explainedin the previous section,the
vector network analyzer(VNA) emits a seriesof tones
with frequency f at Port 1 and measuresthe relative
complex amplitude S21(f ) at Port 2 with respectto
Port1, providing automaticsynchronizationbetweenthe
two. The200m optical link enablesmeasurementof the
one-way propagationchannelfor variableplacementof
the transmitterand receiver antennasfrom each other
throughoutthetestarea.Theoptical�ber itself combines
ultra-low loss and dispersionup to 100 GHz frequen-
cieswith immunity to electricalinterference,preventing
cross-talkbetweencablesand pickup of environmental
noise. The identical discone transmit and receive an-
tennaswere mountedon tripods with height �x ed of
1.5 m and the output power at Port 1 was set to -13
dBm. After radiating from the transmitter, the signal
propagatesacrossthe channel.Once detectedby the
receiver, it passesthroughthe optical link beforebeing
fed back to Port 2.

The S21(f )-parameterof the network in Fig. 1(a)
can be expressedas a product of the Tx-antenna,the

propagationchannelH , the Rx-antenna,and the Rx-
branch:

S21(f ) = H ant
T x (f ) � H (f ) �H ant

Rx (f ) �H br a
Rx (f ) (4)

The reponseH br a
Rx , including the non-idealVNA elec-

tronics, connectors,cables,ampli�ers, and optical �ber
link, is calibratedout usinga standardVNA calibration
techniquewhere known impedancestandardsare con-
nectedsequentiallyat both ports. The responseof the
antennasand their connectingcables,H ant

T x and H ant
Rx ,

arecalibratedout in a subsequentstepby separatingthe
antennasby 3 m1 andrecordingthefree-spaceparameter
S21

F s for which H = HF s , the responseof the 3 m
free-spacechannel.S21

F s is subsequentlytime-gatedto
remove both the ground bouncebetweenthe antennas
andthe spuriousenvironmentaleffectsasshown in Fig.
1(b). Finally the soughtmeasuredresponseH between
any transmitter-receiver con�guration can be extracted
from the measuredparameterS21 by dividing it by the
free-spaceparametersuchthatH = S21 �H F s

S21
F s

, which also
accountsfor HF s given through the Friis transmission
equation[4]. Completedetailsof the measurementsys-
tem areavailable in [5].

B. Themeasurementcampaign

The measurementcampaignwasconductedin several
different environmentsin Coloradoand California [5],
[6], assummarizedin TableI. A total of 89 experiments
were recordedmostly in non-line-of-sight conditions,
exceptfor a few in theminetunnels.As theenvironments
arerepresentativeof publicsafetyscenarios,themajority
was taken by placing the transmitteroutside,typically
at a commandpost, and the receiver inside,simulating

1This ensuresoperationwithin the far-�eld of the antennaswhile
minimizing environmentalre�ections.
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an emergency responder. The ground-truthdistanced
betweenthe transmitterand receiver was recordedfor
eachexperiment.

TABLE I

EXPERIMENTS CONDUCTED IN THE MEASUREMENT CAMPAIGN

environment location range(m) Tx-Rx con�g.
Oil CommerceCity 33.8-135.4 outside–

Re�nery CO outside2

Greathouse Antioch, 4.7-101.4 inside–
Mine Tunnel CA inside
Hazel-Atlas Antioch, 4.3-114.2 outside–
Mine Tunnel CA inside
Horizon West Boulder, 59.1-107.7 outside–
Apartments CO inside

NIST Boulder, 54.2-137.6 outside–
Lab CO inside

Convention Denver, 13.4-189.6 outside–
Center CO inside

Republic Denver, 12.7-52.0 outside–
Plaza3 CO inside

IV. THE PROPOSED CHANNEL PROPAGATION MODEL

This section describesthe proposedchannelpropa-
gationmodel. It is divided into two components:1) the
referenceimpulseresponsecharacterizestheshapeof the
multipath pro�le h(t) while 2) the pathgain scalesits
amplitudeaccordingto the distancebetweenthe trans-
mitter and receiver. The two correspondingsubsections
explain the extraction and modeling of the parameters
of each component, following by a subsectionthat
outlines in pseudocodehow to employ the parameters
to generatea stochasticimpulseresponsein eachof the
environments.

A. Thepathgainmodel

The excesspathgain4 is de�ned as

PG(d) :=
1
B

� f

B
� fX

l =1

jH (f )j2; (5)

wheref = f c � B
2 + l � � f . Eachdatapoint is computed

from the measuredfrequency responsefor f = 698–806
MHz from an experimentwith distanced. In order to
generatea modelfor thepathgain,considerdecomposing
the arrival amplitudein (2)

ak = ~ak

�
d
d0

� - n
2

(6)

asa productof the referenceamplitude~ak valid at ref-
erencepoint d0 andthe pathgainfactor representingthe

3Densepiping presentedan environmentsimilar to inside–outside,
asdiscussedin [6].

3TheRepublicPlazais a high-risebuilding locatedin thedowntown
metropolitanarea.

4Thereare alternative de�nitions to ours for the pathgainas sum-
marizedin [4].

distancedependenceof the amplitude.By substituting
(2) into (5) and expanding,the pathgainmodel can be
written as

(a) PG(d) = PG(d0)
�

d
d0

� - n

; (7)

(b) PG(d0) =
1X

k=1

~a2
k :

The reference pathgain PG(d0) for d0 = 1 m and
the attenuationcoef�cient n were extractedby robust
�tting 5 of the model above to the datapoints from (5).
We actually found the breakpointmodel [8]

PG(d) =

8
>>>><

>>>>:

PG(d0)
�

d
d0

�- n 0

� 10
sd
10

; d � d1

PG(d1)
�

d
d1

�- n 1

� 10
sd
10

; d > d1

(8)

to representthe datamore accuratelyin someenviron-
ments.For example,in theminetunnelenvironments,the
�rst segmentfor d � d1 werein line-of-sightconditions
while in thesecondsegmentthe receiver waspositioned
around a corner passageand so in non-line-of-sight
conditions.As well, in Oil Re�nery, the�rst segmentwas
also in line-of-sightconditionshowever in the seconda
train of large metalcolumnsobstructedthe receiver.

The pathgain in (8) is augmentedby the well-
establishedparametersd � N (sd; 0; � d), normally
distributed, which quanti�es the variation betweenour
modelandthedatapointsandin thatcapacityrepresents
thestochasticnatureof thepathgain.This is of particular
use when simulating time diversity systems[9]. The
model parametersfor eachof the seven environments
appearin Table II.

B. Thereferenceimpulseresponsemodel

Our model for the referenceimpulse response~h(t)
valid at d0 essentiallyfollows from (1) by exchanging
aj k with ~aj k :

~h(t) =
1X

j =1

1X

k=1

~aj k ej ' j k � (t � � j k ) (9)

It partitionsthe arrivals indexed throughk into clusters
indexed through j , as illustrated in Fig. 2(a) for a
recordedimpulse responsein Oil Re�nery. The notion
of clustersharkensbackto thewell-known phenomenon
�rst witnessedin [10] causedby larger scatterersin the
environmentwhich inducea groupdelayin theresultant
arrivals with respectto those of the �rst cluster. We
identi�ed the clustersvisually.

5Robust �tting henceforthdenotesthe Trust-Region method ex-
plainedin [7].
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(a) Threedistinct clustersin Oil Re�nery (b) Exponentialrise anddecayin the �rst clusterin NISTLab

Fig. 2. The channelimpulseresponse.

In order to extract the parametersof the model,
~h(t) was computedfor each experiment through the
IDFT in (3) for f = 698–806 MHz. However, the
recordedfrequency responsewas �rst normalized by
the pathgainfactor, replacing it insteadwith ~H (f ) =

H (f )
� �

d
d0

� -n
2

. Note that theparametersof the path-

gainmodelin theprevioussubsectionareneededin this
stepand so were extractedbeforehand.As the receiver
wasplacedindoorsin all but Oil Re�nery, thesmallerin-
doordimensionscausedthearrivalsto appearfasterthan
theconventionaldelayresolution 1

B of theIDFT for B =
108MHz. As a result,we choseto implementthesuper-
resolutionalgorithmin [3] to generatea pseudospectrum
in the placeof ~h(t). From it, the arrival delays� j k were
extracted followed by the least-squares�t in [11] to
estimate(~aj k ; ' j k ). The latteralsoestimatesthenumber
of arrivalsautomaticallythrougha minimumdescription
lengthcriteria asopposedto arbitraryselectionabove a
certainamplitudethreshold.

1) The delay � j k :

The equationsin (10) govern the arrival delays. The
ground-truthdelay � 0 in (10a) is the time elapsedfor
the signal to travel the distanced at the speedof light
c. The inter-cluster delay betweenthe �rst clusterand
the ground-truth delay � 1 � � 0, as well as between
the other clusters� j � � j � 1; j � 1, dependson the
randomly located larger scatterersin the environment
suchasdoorsandhallways.Thewidely acceptedSaleh-
Valenzuela(S-V) model proposesthat the inter-cluster
delayobeys the ExponentialDistribution [8], [10], [12],
[13]; we believe that this consensusis ratheran artifact
of small measurementbandwidthcoupledwith conven-
tional IDFT techniqueswhich place the sub-resolution
delays within the smallest bin by default, neglecting

the distribution within this bin and in turn ariti�cally
in�ating its concentrationwith respect to the others;
this lendsthe overall distribution a seeminglyexponen-
tial appearance.As someother authors[14], [15], we
foundthroughusingsuper-resolutiontechniquesthat the
Weibull Distribution

W(� j � � j � 1; � ; K) =
K
�

�
� j � � j � 1

�

� K� 1

e�
� � j � � j � 1

�

� K

;

which reducesto the ExponentialDistribution for K =
1, allows a more exact �tting of the curve to the data
for (� j � � j � 1) in (10b).Likewise the inter-arrival delay
(� j k � � j;k � 1) betweenarrivalswithin clusterj alsoobeys
theWeibull Distribution in (10c)dueto randomlylocated
smaller scattererssuch as furniture, as shown for Oil
Re�nery in Fig. 3.

(a) � 0 =
d
c

; (10)

(b) (� j � � j � 1) � W(� j � � j � 1; � ; K); j � 1

(c) (� j k � � j;k � 1) � W(� j k � � j;k � 1; �; � ); j � 2

� j 1 = � j

In order to �t the parametersof the distributions,the
clusterswere �rst isolatedvisually from the multipath
pro�le of each experiment and indexed according to
the clusterdelay � j . The two parametersof the Weibull
distributionwerethenrobust�t to theinter-clusterdelays
given from all the experimentsin a particularenviron-
ment; in the samemanner, the two parameterswere �t
to all the inter-arrival delays.

2) The complex referenceamplitude~aj k ej ' j k :

In theoriginalS-V modelandin referenceto Fig. 2(a),
the cluster amplitude~aj fadesexponentiallyversusthe
clusterdelay � j accordingto the clusterdecayconstant
�( � j ) in (11a) for � 1 = � 1. We found that allowing
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Fig. 3. Distribution of the inter-arrival delays (� j k � � j;k � 1 ) in
Horizon WestApartmentsaccordingto the Weibull probabilitydensity
function.

� 1 � 0 gives a better �t as illustrated in (dB) for Oil
Re�nery in Fig. 4(a),showing that the clusteramplitude
in fact fades slower than exponential, with variation
from the curve s� . Also in the original model and as
displayedin Fig. 2(a), the arrival amplitude~aj k fades
exponentially versusthe intra-cluster delay (� j k � � j )
accordingto the arrival decayconstant
 (� j ) in (11b)
for 
 1 = 
 2 = 0. Someresearchers[8], [12], though,
have found 
 (� j ) to bea functionof theclusterdelay� j

andsohave allowed 
 1 = 1; we found thatunrestricting

 1 givesan even better�t with variationfrom the curve
s
 , asillustratedfor Oil Re�nery in Fig. 4(b).Finally, the
arrival phase' j k in (11c)is well-establishedin literature
asuniformly distributed [3].

(a) ~aj = ~a0 � 10- 1
2

�( � j )
10 ; (11)

�( � j ) =
1

� 0

� � j

ns

� � � 1

+ s� ;

s� � N (s� ; 0; � � )

(b) ~aj k = ~aj � 10- 1
2


 (� j )( � j k � � j )+ s
10 ;


 (� j ) =
1

 0

� � j

ns

� � 
 1

+ 
 2 + s
 ;

s
 � N (s
 ; 0; � 
 );

s � N (s; 0; � )

(c) ' j k � U(' j k ; 0; 2� )

In order to determinethe parametersin (11a-b),as-
suming an exponentialdecayfor the arrival amplitude
as explainedabove, we equivalently robust �t a line to
it in (dB) in Fig. 4(c) with s capturing the variation
from the curve. Each�t in turn yields a datapoint for

both the cluster amplitudein Fig. 4(a) and the arrival
decayconstantin Fig. 4(b) versusthe clusterdelay � j .
Subsequently, we robust �t thecurvesshown to thedata
pointscollectedfrom all the clustersin order to extract
(� 0; � 1; � � ) and(
 0; 
 1; 
 2; � 
 ) respectively.

In NISTLab andRepublicPlaza, thereis virtually no
penetrationof the direct path given the density of the
building materialsand so the �rst cluster in particular
experiencesa strongexponentialriseto thepeak,typical
of non line-of-sightconditions,beforethe normaldecay
of the arrivals. This exponentialrise canbe modeledin
the samemanneras the decaythrough (11b), however
by replacing(
 0; 
 1; 
 2) with (
 +

0 ; 
 +
1 ; 
 +

2 ) = (-7.294e-5,
1.941,1.890e-2)and (-1.304e-1,0.116,4.260) in NIST
Lab and RepublicPlaza respectively. Fig. 2 highlights
a recordedimpulseresponsewith an exponentialrise in
the �rst cluster in NIST Lab (b) in comparisonto one
without in Oil Re�nery (a).

C. Reconstructingthe impulseresponse

A stochasticimpulse responsecan be reconstructed
from our model throughthe following steps:

1) Selectd (and in turn � 0 = d
c ) and the parameters

from oneof the seven environmentsin Table II;
2) Generatethestochasticvariables(~aj k , ' j k , � j k ) of

the arrivals from the referenceimpulse response
model in Section IV-B: set ~a0 = 1 in (11a)
andthennormalizethe amplitudesto satisfy (7b),
keepingonly thoseclustersand arrivals with am-
plitude above somethreshold;

3) Choosea subbandin f = 698–806 MHz with
bandwidthB andcenterfrequency f c, andsample
interval � f ; computeH (f ) in (2) for eachsample
frequency from the pathgainmodel in SectionIV-
A andthe generatedarrivals;

4) Computethesoughtimpulseresponseh(t) through
(3).

V. CONCLUSIONS

In this paper, we have proposeda channelpropagation
model for the 700 MHz band in seven environments.
The stochasticmodel is describedthrough a channel
impulseresponsecompletewith 17 parametersextracted
from datacollectedfrom 89 transmitter-receiver con�g-
urationsusingthestepped-frequency measurementtech-
nique. Ours breaksfrom the original Saleh-Valenzuela
model to evidencea slower than exponentialdecayin
the cluster amplitudeas well as an exponentialdecay
in the arrival amplitudedependenton the clusterdelay.
In addition, we employed a super-resolutionalgorithm
asopposedto the conventionalInverseDiscreteFourier
Transform to expose that the inter-arrival delays are
actuallyWeibull distributed.
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TABLE II

THE PARAMETERS OF THE PROPOSED CHANNEL PROPAGATION MODEL FOR THE SEVEN ENVIRONMENTS

environment pathgain delay amplitude
P G(d0 ) n 0 n 1 d1 � d � K � � � 0 � 1 � � 
 0 
 1 
 2 � 
 �

(dB) (m) (dB) (ns) (ns) (1/dB) (dB) (ns/dB) (dB/ns) (dB) (dB)

Oil -17.90 0.35 6.62 87 1.94 883.94 1.57 54.04 3.00 -1.806e-3 0.366 6.35 2.030e-3 1.615 4.604e-3 0.033 2.79
Re�nery

Greathouse -18.47 0.55 19.04 70 0.53 154.63 15.17 38.05 2.70 1.204e2 -1.451 13.49 4.604e-2 0.004 2.114e1 0.097 1.56
Mine Tunnel
Hazel-Atlas -12.23 0.26 21.19 60 2.49 1 1 34.34 3.22 1.170e9 -3.799 5.16 8.496e-1 0.012 -9.546e-1 0.042 3.45
Mine Tunnel
Horizon West -21.66 1.82 NA NA 4.84 565.70 2.66 42.36 4.51 -1.442e-3 0.044 5.05 2.772 -0.110 -1.446e-1 0.023 3.00
Apartments

NIST -77.02 4.33 NA NA 3.18 396.34 1.89 42.73 3.71 -4.003e-4 0.699 3.80 6.702e-5 2.309 1.915e-1 0.014 2.58
Lab

Republic -57.17 5.95 NA NA 3.02 582.97 1.49 37.40 4.02 -8.244e-4 0.655 7.79 1.664e-1 1.123 1.779e-2 0.011 3.38
Plaza

Convention -118.20 7.26 NA NA 5.12 591.05 3.69 35.76 3.63 -2.942e-4 0.004 4.14 3.298 0.393 -2.615e-3 0.010 3.38
Center

REFERENCES

[1] D.C. Sicker and C. Doerr, “The 700 MHz Auction,” Sensor,
MeshandAd Hoc CommunicationsandNetworks, pp. 1-6, June
2008.

[2] O. Malik, “700 MHz Explainedin 10 Steps,” Gigaom, March
2007.

[3] X. Li. and K. Pahlavan, “Super-Resolution TOA Estimation
With Diversityfor IndoorGeolocation,” IEEE Trans.on Wireless
Communications, vol. 3, no. 1, Jan.2004.

[4] R. Vaughanand J.B. Andersen,“Channels,Propagationand
Antennasfor Mobile Communications,” IET Electromagnetic
WaveSeries50, AppendixA, 2003.

[5] W.F. Young, K.A. Remley, J. Ladbury, C.L. Holloway, C.
Grosvenor, G. Koepke, D. Camell, S. Floris, W. Numan,and
A. Garuti, “Measurementsto SupportPublic SafetyCommuni-
cations:Attenuationand Variability of 750 MHz Radio Wave
Signals in Three Large Building Structures,” NIST Technical
Note1552, To be publishedin 2009.

[6] K.A. Remley, G. Koepke, C.L. Holloway, C. Grosvenor, D.
Camell,J. Ladbury, D. Novotny, W.F. Young,G. Hough,M.D.
McKinley, Y. Becquet, J. Korsnes, ”Measurementsto Sup-
port BroadbandModulated-SignalRadio Transmissionsfor the
Public-SafetySector,” NISTTechnical Note1546, April 2008.

[7] Branch, M.A., T.F. Coleman,and Y. Li, ”A Subspace,Inte-
rior, and ConjugateGradientMethod for Large-ScaleBound-
ConstrainedMinimization Problems,” SIAM Journal on Scien-
ti�c Computing, vol. 21, no. 1, pp. 1-23, 1999.

[8] D. Cassioli, M.Z. Win, and A.F. Molisch, “The Ultra-Wide
Bandwidth Indoor Channel:From Statistical Model to Simu-

lations,” IEEE Journal on SelectedAreas in Communications,
vol. 20, no. 6, Aug. 2002.

[9] A. Sibille, “Time-DomainDiversity in Ultra-WidebandMIMO
Communications,” EURASIPJournal on Applied Signal Pro-
cessing, vol. 3, pg. 316-327,2005.

[10] A. Salehand R.A. Valenzuela,“A statisticalmodel for indoor
mulipath propagation,” IEEE Journal on SelectedAreas of
Communications, vol. 5, pp. 128-137,Feb. 1987.

[11] H. Yamada,M. Ohmiya,Y. Ogama,andK. Itoh, “Superresolu-
tion techniquesfor time-domainmeasurementswith a network
analyzer,” IEEE Trans. on Antennasand Propagation, vol. 39,
pp. 177-183,Feb. 1991.

[12] A.F. Molisch, K. Balakrishnan,D. Cassioli, C.-C. Chong, S.
Emami,A. Fort, J.Karedal,J. Kunisch,H. Schantz,U. Schuster,
and K. Siwiak, “A Comprehensive Model for Ultrawideband
PropagationChannels,” IEEEGlobalCommunicationsConf., pp.
3648-3653,March 2005.

[13] S.S. Ghassemzadeh,L.J. Greenstein,T. Sveinsson,A. Kavcic,
andV. Tarokh,“UWB DelayPro�le Modelsfor Residentialand
CommercialIndoor Environments,” IEEE Trans. on Vehicular
Technology, vol. 54, no. 4, July 2005.

[14] R. Kattenbuch, “StatisticalDistribution of Path Interarrivaltimes
in Indoor Environment,” IEEE Vehicular Technology Conf.-
Spring, pp. 548-551,May 1998.

[15] P. Yegani and C.D. McGillem, “A Statistical Model for the
FactoryRadioChannel,” IEEE Trans.on Communications, vol.
39, no. 10, pp. 1445-1454,Oct. 1991.


