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Abstract— While the fr equency-dependenceof the wir eless
channel may be negligible for narr ow to wideband signals, it
has been shown that modeling this dependencefor bandwidths
in excessof 2 GHz impr oves channel reconstruction up to 40%.
Yet to our knowledge, only Molisch et al. have done so for
the ultra-wideband channel. Their benchmark fr equencymodel
however representsthe averagedependenceover the collection of
multi-path arri vals in the channel rather than that of individual
arri vals. Building on the Geometric Theory of Diffraction, we
proposea novel fr equencymodel for individual arri vals according
to the propagationevents on their paths betweenthe transmitter
and receiver. We extract the model parameters fr om an extensive
measurement campaign of 3000 channel fr equency sweepsin
thr ee separatebuildings combined with raytracing simulations,
and show that ours �ts the gathered data more closely than the
benchmark model.

Index Terms— Geometric Theory of Diffraction, GTD

I . INTRODUCTION

Ultra wideband (UWB) signals are characterizedby a
bandwidthgreaterthan500MHz or oneexceeding20%of the
centerfrequency of radiation[1], [2]. Theapproval of theFCC
unlicensedbandfrom 3.1-10.6GHz in 2002 hasprompteda
concertedeffort in theextensive modelingof the indoorUWB
channelin recentyears.Irahhautenprovidesa comprehensive
overview of indoor UWB measurementsin the time and
frequency domains[3]. TableI summarizesthis overview, but
augmentedto include reportedmeasurementsto date. Most
referencesin the table provide channelmodelscharacterized
by path loss,small-scalefading,anddelayspread.

While the frequency-dependence of the wireless channel
may be negligible for narrow to wideband signals, it has
beenshown that modelingthis dependencefor bandwidthsin
excessof 2 GHz improveschannelreconstructionup to 40%
[12]. Yet to our knowledge,only Molisch et al. have doneso
for the ultra-widebandchannel.Their benchmarkfrequency
model however representsthe averagedependenceover the
collectionof multi-patharrivals in thechannelratherthanthat
of individual arrivals. This paperproposesa novel frequency
model for individual arrivals.

The paperreadsas follows: similar to [8], [9], [10], [11],
SectionII outlinesour channelmeasurementcampaigncon-
sistingof a total of 3000frequency sweepsfrom 2-6.5GHz in
threeseparatebuildings.TheGeometricTheoryof Diffraction
(GTD) provides a basis for the frequency-dependenceof
individual arrivalsaccordingto thepropagationeventson their

Prin. Investigator f range environment range
Yano [4] 1.25-2.75GHz of�ce 17 m
Cassioli[2], [6], [7] 3.6-6 GHz of�ce 18 m
Prettie[5] 2-8 GHz res. 20 m
Kunisch[8] 1-11 GHz of�ce 10 m
Keignart[9] 2-6 GHz of�ce / res. 20 m
Ghassemzadeh[10] 2-8 GHz res./ commercial 15 m
Molisch [11] 3-10 GHz res./ 28 m

industrial / of�ce 20 m

TABLE I

OVERVIEW OF REPORTED INDOOR UWB MEASUREMENTS.

pathsbetweenthe transmitterand receiver. Building on this
theory, the �rst contribution of this paperis the GTD-based
frequency model in SectionIII whoseparametersarecharac-
terized from the measurementcampaign.While signi�cantly
moreaccuratethanthebenchmarkmodel,it accountsonly for
the geometryof the buildings andnot the materialproperties
of the walls. SectionIV featuresour main contribution asan
extensionof the GTD-basedmodelincorporatingthe material
propertiesaswell. The proposedmodel �ts the gathereddata
more closely than both the benchmarkand the GTD-based
modelsas highlighted in the resultssectionV, following by
our conclusions.

I I . PRELIMINARIES

A. Thefrequency-dependentindoor channel

The frequency-dependent indoorchannelconsistsof an im-
pulsetrain representingK multi-patharrivals indexedthrough
k [12]

H (f ) =
KX

k=1

ak

�
f
f 0

� � � k

e� j 2� f � k ; (1)

where � k denotesthe delay of the arrival in propagating
between the transmitter and receiver and ak denotesthe
complex-valuedamplitudewhichaccountsfor bothattenuation
andphaseshift dueto transmission,re�ection, anddiffraction
introduced by walls (and other objects) on its path. The
frequencyparameter� k quanti�es the frequency-dependence
of the amplitudeacrossthe bandwidthof the signal, where
f 0 is the lower frequency. The frequency-dependent indoor
channelhasbeenshown to improve reconstructionup to 40%
for bandwidthsin excessof 2 GHz [12] comparedto the
conventionalwhich assumes� k = 0 [13].



(a) Block diagram (b) Photograph

Fig. 1. The measurementsystemusing the VectorNetwork Analyzer.

B. Themeasurementsystem

We measuredthe frequency responseof the channelH (f )
with samplinginterval � f in thebandwidthf = 2 – 6.5 GHz;
a discretefrequency spectrumtranslatesto a periodic signal
in the time domainwith period 1

� f [14]. Choosing� f = 1.25
MHz allows for a maximummultipathspreadof 800ns,which
provessuf�cient throughoutall threebuildings for thearrivals
to subsideandavoid time aliasing.

Fig. 1 displaysthe block diagramand photographof our
measurementsystem. The vector network analyzer (VNA)
emitsa seriesof toneswith frequency f atPort1 andmeasures
the relative amplitudeand phaseS21(f ) at Port 2, providing
automaticphasesynchronizationbetweenthe two ports.The
synchronizationtranslatesto a common time referencefor
the transmittedand received signals.The long cableenables
variable positioning of the conical monopoleantennasfrom
each other throughout the test area. The preampli�er and
power ampli�er on the transmitbranchboostthe signal such
that it radiatesat approximately30 dBm from the antenna.
After it passesthrough the channel,the low-noise ampli�er
(LNA) on thereceiverbranchbooststhesignalabovethenoise
�oor of Port 2 beforefeedingit back.

The S21(f )-parameterof the network in Fig. 1 can be
expressedasa productof theTx-branch,the Tx-antenna,the
propagationchannel,the Rx-antenna,andthe Rx-branch

S21(f ) = H br a
T x (f ) � H ant

T x (f ) � H (f ) � H ant
Rx (f ) � H br a

Rx (f )

= H br a
T x (f ) � H ant

T x (f ) � H ant
Rx (f )

| {z }
H ant ( f )

�H (f ) � H br a
Rx (f ):

The frequency responseof the channelH is extractedby in-
dividually measuringthe transmissionresponsesH br a

T x ; H br a
Rx ,

andH ant in advanceandde-embeddingthemfrom (2). Mea-
suring the characteristicsof the antennason a �at open�eld

with dimensionsexceeding100 m � 100 m reducedambient
multi-path to a single groundbouncewhich we removed by
placingelectromagneticabsorberson the groundbetweenthe
antennas.We separatedthe antennasby a distanceof 1.5 m
to avoid the near-�eld effects and spatially averaging them
throughrotation with respectto eachother every ten degrees
[15]. Their heightwasset to 1.7 m (averagehumanheight).

Note in particularthe following implementationconsidera-
tions:

� to accountfor the frequency-dependent loss in the long
cablewhenoperatingacrosssucha large bandwidth,we
rampedup the emittedpower at Port 1 with increasing
frequency to radiatefrom the antennaat approximately
30 dBm acrossthe whole band;

� we removed the LNA from the network in experiments
with rangebelow 10 m to protect it from overloadand
alsoavert its operationin the non-linearregion;

� to extendthedynamicrangeof our system,we exploited
the con�gurable test set option of the VNA to reverse
the signal path in the couplerof Port 2 and bypassthe
12 dB lossassociatedwith thecouplerarm.Thedynamic
rangeof the propagationchannelcorrespondsto 140 dB
as computedthrough[9] for an IF bandwidthof 1 kHz
anda SNR of 15 dB at the receiver;

� to account for the small-scaleeffects in the measure-
ments, for each experiment we centereda 5 � 5 grid
constructedfrom a woodenplank on the �oor aboutthe
nominal location of the receiver antenna.The distance
betweenthe grid points was 15 cm, correspondingto a
full wavelengthat 2 GHz, ensuringspatialindependence
between the measuredpoints for a total of 25 sub-
experiments.



TABLE II

EXPERIMENTS CONDUCTED IN MEASUREMENT CAMPAIGN.

building wall material LOS range(10) NLOS range(30)
NIST sheetrock / 1.2-24.3m 1.7-30.5m
North aluminumstuds max wall#: 9
Child plaster/ 2.0-15.7m 4.7-26.7m
Care woodenstuds max wall#: 6
Sound cinderblock 3.4-45.0m 5.9-28.9m

max wall#: 6

C. Themeasurementcampaign

Themeasurementcampaignwasconductedin threeseparate
buildingson theNIST campusin Gaitherburg, Maryland,each
constructedfrom a dominantwall materialvaryingfrom sheet
rock to cinderblock. TableIV summarizesthe40 experiments
in each building (10 line-of-sight (LOS) and 30 non line-
of-sight (NLOS)), including the maximum numberof walls
separatingthe transmitterandreceiver.

Spectralestimationmethodsexist to decomposethe mea-
suredfrequency responseof a sub-experimentinto K arrivals
parameterizedas(ak ; � k ; � k ) accordingto (1) [16], [17], [18].
The chosenmethodbecomesincreasinglyimportantwith the
presenceof noise in the channel.The SVD-Prony [17] and
SVD-Eigenpencil [18] are two candidatemethodsrobust to
high levels of noise.We comparedthe two in estimatingthe
frequency parameterof the �rst arrival known as � 1 = 0 for
free spacepropagationin the combined30 LOS experiments
from the threebuildings.Qiu claimsthat theSVD-Eigenpencil
decompositionmethodworksreliably above anSNRof 15 dB
which correspondsto 140 dB path loss for our measurement
system(seeII-B). Hencewe �ltered out the leastsigni�cant
arrivalswith powerbelow theequivalentlevel of 10� 7 in linear
scale.The averagesandstandarddeviationsover the 25 � 30
sub-experimentsyielded � � 1 = 0.0879and � � 1 = 0.1254for
the SVD-Prony methodand � � 1 = 0.0345and � � 1 = 0.0567
for the SVD-Eigenpencilmethod,hencewe implementedthe
latter bettersuitedto our application.

I I I . THE GTD-BASED FREQUENCY MODEL

The Geometric Theory of Diffraction (GTD) has been
used in channelcharacterization[12], [18] to interpret the
frequency-dependenceof anindividualarrival accordingto the
sequenceof propagationeventson its path: eachinteraction
classi�ed in Table III addsa component� E to the aggregate
frequency parameter� of thearrival [19]. The threebuildings
in the measurementcampaignare void for the most part of
cylindrical objectssuchasroundedcolumnsor furniture with
dimensionscomparableto the signal wavelength1, allowing
us to disregard cylindrical faceand broadsidediffractionsas
con�rmed through the measurementcampaignin which we
recordedno arrivals with negative frequency parameter. In
addition,thecumulativesurfaceareaof cornerswith respectto

1The smallestfrequency in the bandwidthtranslatesto a wavelengthof 15
cm.

TABLE III

THE GTD-BASED COMPONENTS OF THE FREQUENCY PARAMETER.

propagationevents � E

free space 0.0
transmission 0.0
re�ection 0.0
edgediffraction 0.5
cornerdiffration 1.0
cylinder facediffraction -0.5
cylinder broadsidediffraction -1.0

edgesis negligible in modelingthe signi�cant characteristics
of theenvironment,allowing usto disregardcornerdiffractions
aswell.

Sinceedgediffractiondefaultsastheonly signi�cant propa-
gationmechanismwith nonzerocomponent� E , knowing the
order n of an arrival, de�ned as the numberof diffractions
on its path, directly mapsto the frequency parameterof the
arrival as

� = 0:5 � n; (2)

completingthe GTD-basedfrequency model. The remainder
of this sectiondevelopsa probability distribution for n whose
parametersareestimatedthroughthe measurementcampaign
in II-C.

A. Modeling the � D -parameter

Consideran arrival which undergoesn diffraction events
on its path: oncean event occurswith delay � , the delay of
the next event � + � � dependsonly on the randomly-located
objectsthroughoutthe environmentrather than on � , and so
the interevent delays� � are independentof eachother. The
Poissonprocess[20] models this behavior and is governed
throughthe probability densityfunction for � �

f (� � j� D ) = � D e� � D � � ; (3)

where 1
� D representsthe averagedelaybetweendiffractions.

In order to estimatethe � D -parameter, the arrivals from
eachsub-experimentin II-C were groupedtogetherfor each
building into a measured(M) samplesetof K M total arrivals
parameterizedas (ak ; � k ; � k ). Given the delay � k and the
observed order nk = � k

0:5 from (2) in the sampleset, the
maximumlikelihoodestimation[21] for � D yields

� D =
K MX

k=1

nk

,
K MX

k=1

� k : (4)

With � D known, the soughtprobability that n diffractions
have occuredon a patharriving with delay� follows from (3)
as

p(nj� ; � D ) =
e� � D � (� D � )n

n!
; (5)

meaning that the reconstructedarrival order is a Poisson
randomvariablen0 � P(� n 0 = � D � ; � n 0 =

p
� D � ), and� 0 =



0:5�n0 is thereconstructedfrequency parameter. Observingthe
sampleset,thefrequency parameteron averageincreaseswith
arrival delay, a phenomenonconsistentwith our model. The
meansthat a path with a longer delay will on averagehave
undergonemorediffractionson the propagationpath.

The weightedmean-squarederror

e =
1

K M

K MX

k=1

(� k � � 0
k )2

� k
(6)

gaugesthe �t betweenthe GTD-basedmodeland the sample
set. The weight wk = 1

� k
is proportional to the inverseof

the variance� 2
� 0

k
= (0:5 � � n 0

k
)2 = (0:5 �

p
� D � k )2 typically

usedto leveragemorereliablepoints.The valuesfor the � D -
parameterof theGTD-basedmodelandtheassociatederror e
for the threebuildings appearin Table IV.

IV. THE PROPOSED FREQUENCY MODEL

The Geometric Theory of Diffraction was developed to
characterizethe salient features of metal objects such as
corners,edges,and curves from radar scattering[19]. The
underlying assumptionof in�nite conductivity renders the
frequency parameterdependentonly on the object geometry.
The theorybreaksdown for materialswith �nite conductivity
for which materialpropertiesandincidentangleof diffraction
alsoin�uence � [22], compromisingthevaluesfor � E in Table
III and so potentially weighing in the dependenciesof the
other two dominantpropagationmechanismsof transmission
andre�ection.

In this section,we extendtheGTD-basedmodelto account
for both geometryand materialpropertiesas averageeffects
over the incident anglesof the propagationmechanisms.To
this end, we replace the constant values of � E with � -
parameters(� T ; � R ; � D ) in the proposedmodel representing
transmission,re�ection, anddiffractionrespectively. It follows
that the frequency parameteris modeledas the sum of the
componentsof eachinteractionon a pathas

� = � T � l + � R � m + � D � n; (7)

where(l ; m; n) representsthe order of the arrival de�ned as
the numbersof tranmissions,re�ections, and diffractionsre-
spectively. Theremainderof thissectiondevelopsaprobability
distribution for (l ; m; n) and empirically �nds valuesfor the
� -parametersthroughthe measurementcampaign.

A. Modeling the � -parameters

Consideran arrival which undergoes l transmissions,m
re�ections, andn diffractionson its path:asfor diffraction in
III-A, oncea propagationeventoccurswith delay� , thedelay
of thenext event� + � � dependsonly on therandomly-located
objectsthroughoutthe environmentrather than on � , and so
the intereventdelays� � are independentof eachother. So if
p(nj� ; � D ) in (5) is theprobabilityof n diffractionson a path
with delay � , it follows that

p(l + m+ nj� ; � ) =
e� �� (�� ) l + m + n

(l + m+ n)!
(8)

is the probability of l + m + n total propagationevents on
a path with delay � , where 1

� representsthe averagedelay
betweenevents.Furthergiventhatl+m+n eventshaveoccured,
l ; m; n are Binomial random variables[20] with respective
probabilitiespT + pR + pD = 1, and

p(l ; m; njl + m+ n) =
(l + m+ n)!

l ! m! n!
(pT ) l (pR )m (pD )n : (9)

Now theprobabilitythatexactly l transmissions,m re�ections,
andn diffractionshave occuredon a patharriving with delay
� follows below by substituting(8) and(9) into

p(l ; m; nj� ; � ) (10)

= p(l ; m; njl + m+ n) � p(l + m+ nj� ; � )

=
e� � T � (� T � ) l

l !| {z }
p( l j � ;� T )

�
e� � R � (� R � )m

m!| {z }
p(m j � ;� R )

�
e� � D � (� D � )n

n!| {z }
p(n j � ;� D )

;

and rearrangingsuchthat � T = pT � , � R = pR � , and � D =
pD � . Hencewith the � -parameters(� T ; � R ; � D ) known, the
reconstructedarrival ordersare independentPoissonrandom
variablesl0 � P(� l 0 = � T � ; � l 0 =

p
� T � ), m0 � P(� m 0 =

� R � ; � m 0 =
p

� R � ), andn0 � P(� n 0 = � D � ; � n 0 =
p

� D � ).
In the GTD-basedmodel only diffraction is frequency

dependent,andso the diffractionordernk of an arrival k can
beobservedfrom � k , makingit easyto model� D through(4).
However in the proposedmodelthe order(lk ; mk ; nk ) cannot
be determinedfrom � k , especiallywhen lacking valuesfor
the � -parameters.Ratherwe use radio-frequency raytracing
[23], [24] to estimatethe � -parametersin (10) by simulating
thesub-experimentsdescribedin II-C. A detailedCAD-model
of thebuilding characterizesthepropagationenvironmentand
eachsub-experimentis differentiatedby the positioningof a
transmitter-receiver pair in the building2 (seeFig. 2). Even
thoughthe raytracingtool only runsat a single frequency as
opposedto widebandoperation,the interevent delaysand in
turn the � -parametersdependonly on the geometryof the
environmentandnoton theoperationfrequency. Theoperation
frequency does however changethe dielectric propertiesof
the walls, attenuatingthe amplitudeof the arrivals with each
propagationevent,andasaresultaffectsthenumberof arrivals
deliveredwhen specifyingthe receiver thresholdpower. The
raytracingsimulationswere run at the centerfrequency 4.25
GHz of the bandwidthfor which the dielectric propertiesof
thewallsaregivenin [25]. We setthepower thresholdequalto
10� 7 asin themeasurementcampaign.Otherreleventsettings
arethetransmissionpowerof 30dBmandtheomni-directional
emissionpatternof the antennasas in II-B.

2The CAD-models lack of�ce furniture presentduring the measurement
campaign.



Fig. 2. CAD-modelof the NISTNorth building.

The raytracingtool directly generatesthe impulseresponse
of a sub-experimentdescribedby a train of K arrivals with
complex amplitude and delay (ak ; � k ). Of courseknowing
the propagationmechanismson the path,the WiSE raytracing
software has a feature to furnish the order of the arrival
(lk ; mk ; nk ). Parallel to III-A, a simulated(S) sampleset of
K S arrivals is gatheredfrom all the sub-experimentsin a
building from which the maximumlikelihood estimationfor
the � -parametersyields

� T =
K SX

k=1

lk

,
K SX

k=1

� k

� R =
K SX

k=1

mk

,
K SX

k=1

� k : (11)

� D =
K SX

k=1

nk

,
K SX

k=1

� k

B. Modeling the � -parameters

The � -parametersfound above leveragethe occurrencesof
the threepropagationmechanismsin (7). Now the samemea-
suredsamplesetof K M arrivalsparameterizedas(ak ; � k ; � k )
usedto estimatethe � D -parameterof the GTD-basedmodel
in III-A is used here to estimaterather the � -parameters
of the proposedmodel. The delay � k of arrival k maps to
theexpectedreconstructedorder(� l 0

k
; � m 0

k
; � n 0

k
) through(10)

and the expectedreconstructedfrequency parameter� 0
k =

� T � � l 0
k

+ � R � � m 0
k

+ � D � � n 0
k

follows from (7). The values
(� T ; � R ; � D ) canbefoundby minimizing theweightedmean-
squarederror (see(6)) betweenthe proposedmodel and the
sampleset

min
� T ;� R ;� D

e =
K MX

k=1

(� k � � 0
k )2

� k
: (12)

The values for the � -parametersand the � -parametersof
the proposedmodel and the associatederror e for the three
buildings appearin Table IV.

V. RESULTS

A. Thebenchmarkfrequencymodel

This section comparesthe proposedmodel to the GTD-
basedmodel, and also to the benchmarkmodel in [11]. In
the latter, the frequency parameterrepresentsthe average
dependenceover the collection of arrivals rather than that
of individual arrivals, hence � k = � is path-independent.
Accordingly the � -parameteris extractedfrom the measured
sampleset in III-A using the techniquedescribedin [11].
The techniquereducesto curve �tting the � -parameterto the
amplitudeof themeasuredfrequency responses.Theweighted
mean-squarederror for the benchmarkmodel is

e =
1

K M

K MX

k=1

(� k � � )2

� k
; (13)

andthe valuesfor the � -parameterandthe associatederror e
for the threebuildings appearin Table IV.

The benchmarkmodel discriminatesbetween LOS and
NLOS conditionsin computingseparate� LO S and � N LO S

for eachof the threebuildings. In LOS conditions,the signal
strengthof the �rst arrival is generallymuchstrongerthanthe
subsequentin the multi-pathpro�le, andso its corresponding
frequency parameter� 1 = 0 contributes signi�cantly more
than the othersto � , hencebiasing � LO S closer to 0 com-
paredto � N LO S . Ratherthe path-dependentGTD-basedand
proposedmodelscandiscriminatebetweenthe two conditions
preciselyby explicitly settingthe respective probabilitiesto

p(n = 0j� k ; � D ) = f 1; LOS, k = 1 (14)

p(l = 0; m = 0; n = 0j� k ; � T ; � R ; � D ) =

8
<

:

1; LOS, k = 1
0; LOS, k > 1 :
0; NLOS

B. Comparingthe threemodels

The benchmarkmodel cannot account for the average
increasein the frequency parameterwith thedelayof thepath
observedin themeasuredsamplesetin III-A. In consequence,
the model parameter� tends to be higher than the sample
value for pathsarriving earlier in the pro�le and smaller for
pathsarriving later in the pro�le. This justi�es the poorest�t
of the three modelsas indicatedthrough the valuesof e in
Table IV. While the GTD-basedmodel doesaccountfor the
averageincreasein the frequency parameterwith delay and
in turn delivers a lower model error than the benchmark,it
still assumesfrequency-dependence solely on the diffraction
mechanismwhosecomponentvalue � E = 0:5 is valid only



TABLE IV

PARAMETER AND ERROR VALUES OF THE THREE FREQUENCY MODELS.

GTD-basedmodel Proposedmodel Benchmarkmodel
building � D ( 1

ns ) e( 1
ps ) � T ( 1

ns ); � T � R ( 1
ns ); � R � D ( 1

ns ); � D e( 1
ps ) � LO S � N LO S e( 1

ps )

NISTNorth 0.037 1.400 0.028,0.124 0.042,0.092 0.013,0.694 0.279 0.052 1.191 3.181
Child Care 0.043 1.924 0.033,0.215 0.054,0.069 0.017,0.536 0.645 0.094 1.965 4.306
Sound 0.031 7.039 0.015,0.621 0.038,0.051 0.013,0.424 2.324 0.022 3.644 17.871

for materialswith in�nite conductivity. The proposedmodel
relaxesthis assumptionin featuringparametersto characterize
non-metalbuildingsaswell, offering thegreatest�e xibility to
�t the samplesetwith the leasterror.

Muqaibelmeasuredtheinsertionlossanddielectricconstant
of ten typical wall materialsas a function of frequency [25],
[26], two of which coincidewith the wall materialsin NIST
North andSound. The trendof � -parametersof the proposed
modelareconsistentwith their experiments:1. thelogarithmic
slope of the insertion loss like to � T is much smaller for
sheetrock than for cinder block; 2. the dielectric constant
which characterizesthe re�ection coef�cient is much less
frequency-dependent than the insertion loss, also witnessed
in our experimentsthrough relatively smaller valuesof � R

comparedto � T .

VI . CONCLUSIONS

Building on theGeometricTheoryof Diffraction,this paper
develops a novel model for the frequency-dependence of
individualmulti-patharrivalsin achannelbasedon thenumber
of transmission,re�ections, and diffractions on their paths
betweenthe transmitterand receiver. In order to extract the
parametersof themodel,weconductedachannelmeasurement
campaignconsisting of a total of 3000 frequency sweeps
from 2-6.5 GHz in three separatebuildings combinedwith
raytracingsimulations.The proposedmodel �ts the gathered
datamore closely than existing models,moreover its param-
eterscharacterizingthe frequency-dependenceof the building
materialsare consistentwith valuespreviously recordedfor
the insertionlossanddielectricconstantof thosebuildings.
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