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Abstract— Conversion from analog television in the
United States combined with the appeal for broadband
public safety communicationsis 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 existsto date. In this work, we derive such a model
reduced from a measurement campaign realized thr ough
a stepped-frequency system. The campaign includes 89
transmitter-recever con gurations in seven different en-
vironmentsrelevant to residential, commercial and public
safety communications, ranging from subterranean mine
tunnels to an oil re nery, from mid-size to high-rise build-
ings. The stochastic impulse responsemodel is complete
with 17 parameters which enablesreconstruction for use
in simulation engines,amongstothers.

Index Terms— Public safety bands; LTE

I. INTRODUCTION

The corversionfrom analogtelevision in the United
Statescombinedwith the appealfor broadbandpubic
safetycommunicationsis generatinga lot of interestin
the 700 MHz band. Thus, the 764-776 MHz and 794-
806 MHz blocks have beendedicatedto public safety
while the others have been auctionedoff to vendors
for commercialservices,and someblocks for joint use
betweerthetwo [1]. This so-called700MHz bandoffers
excellentpenetrationthroughbuildings, which is partic-
ularly useful for emegengy respondersand Enhanced
911 services.For commercialvendors,the investment
is motivatedby the favorablepropagatiorcharacteristics
which extend coveragesigni cantly for the sametrans-
missionpower, translatinginto lessinfrastructure while
it requiresnine cellsat 2400MHz andfour cellsat 1900
MHz to span100m?, it is projectedto requireonly one
cell at 700 MHz [2].

However before ary network technologycan be de-
velopedand deplgyed in this band, thereis a needto
characterizeandunderstandhe propogatiorervironment
in which it mustoperate.

To our knowledge,no channelpropagatiormodelfor
the 700 MHz bandexists in the openliteratureto date.
In this work, we derive such a model, reducedfrom
a measurementampaignconductedin seven different
ervironmentsrelevant to most usagescenariosyanging

OThis work was funded by the Public Safety Communications
Research.ab throughNIST's Of ce of Law EnforcementStandards.

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

The paperreadsas follows: Sectionll describeshe
stepped-frequenctechniqueusedto measurethe prop-
agationchannelbetweena transmitterand recever. The
subsequentsection explains our measuremensystem
realizedthrougha vectornetwork analyzerandoutlines
the campaignSectionlV featureshe proposedstochas-
tic model characterizingthe channelimpulse response
with parameterseportedindividually for eacherviron-
ment. The last sectionsummarizeur results.

Il. THE CHANNEL IMPULSE RESPONSE

The impulse responseh(t) characterizeghe static
propagatiorchannel appropriatefor usein public-safety
applicationsvhererespondersnove slovly andin stages
through a structure.It is composedfrom an in nite
numberof multipath arrivals indexed throughk

X
h(t) :=

k=1
where ¢ denoteghe delay of the arrival in propagation
betweenthe transmitterand recever and the comple-
amplitude axe ' accountsfor attenuationand phase
changedueto re ection, diffraction, and other specular
effects introducedby walls (and other objects) on its
path.

The impulseresponséhasa frequeny response

ad  (t ) 1)

akei' ke j2 f ke
k=1
suggestinghatthe channelcanbe characterizedhrough
the stepped-frequeryctechnique.We sampleH (f) =
% at rate f by transmitting tones X (f ) across
the channeland then measuringY (f ) at the recever.
Characterizingthe channelin the frequeny domain
offers an advantageover transmittinga UWB pulseand
recordingthe impulseresponsalirectly: a subbandwith
bandwidthB and centerfrequeny f. can be selected
a posterioriin reconstructinghe channel.The discrete
frequeng spectrumX (f) transformsto a signal with
period Af in the time domain [3], and so choosing
f = 0.375 MHz allows for a maximum multipath
spreadof 2667 ns which proves sufcient throughout

H(t) = 2)
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Fig. 1. The stepped-frequegcmeasurementechniqueusing a vector network analyzer

all seven ervironmentsfor the arrivals to subsidewithin
one period and avoid time aliasing.

The impulse responseh(t) can then be recovered
throughthe InverseDiscrete Fourier Transform(IDFT)
of the frequeny responseby synthesizingall the fre-
guenciesn the subbandas

H(f)e? ™

h(t) = ®3)

_N|U°‘ =

=1

Byl f.

wheref = f. 3

Ill. THE MEASUREMENT SYSTEM AND CAMPAIGN
A. The measuementsystem

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 frequeny f at Port 1 and measureghe relative
complex amplitude S?1(f ) at Port 2 with respectto
Port 1, providing automaticsynchronizatiorbetweerthe
two. The 200 m optical link enableameasurementf the
one-way propagationchannelfor variable placementof
the transmitterand recever antennasfrom each other
throughouthetestarea.Theoptical ber itself combines
ultra-low loss and dispersionup to 100 GHz frequen-
cieswith immunity to electricalinterferencepreventing
cross-talkbetweencablesand pickup of ernvironmental
noise. The identical disconetransmit and receive an-
tennaswere mountedon tripods with height x ed of
1.5 m and the output power at Port 1 was setto -13
dBm. After radiating from the transmittey the signal
propagatesacrossthe channel.Once detectedby the
recever, it passeghroughthe optical link beforebeing
fed backto Port 2.

The S?L(f )-parameterof the network in Fig. 1(a)
can be expressedas a productof the T x-antennathe

propagationchannelH, the Rx-antenna,and the Rx-
branch:
SP(f) = HEY

(f) H(F) HE(F) HRA(E) @)

The reponseH 2, including the non-ideal VNA elec-
tronics, connectorscables,ampli ers, and optical ber
link, is calibratedout using a standardvNA calibration
techniquewhere known impedancestandardsare con-
nectedsequentiallyat both ports. The responseof the
antennasand their connectingcables,H2}! and H3}',
arecalibratedout in a subsequenstepby separatinghe
antennady 3 m! andrecordingthe free-spac@arameter
Séls for which H = Hgg, the responseof the 3 m
free-spacechannel.S2L is subsequentliytime-gatedto
remove both the ground bouncebetweenthe antennas
andthe spuriouservironmentaleffectsas shavn in Fig.
1(b). Finally the soughtmeasuredesponseH between
ary transmittesrecever con guration can be extracted
from the measurecparameteiS?! by dividing it by the
free-spacearametesuchthatH = %ﬁ'ﬁ,which also
accountsfor Hg s given throughthe Friis transmission
equation[4]. Completedetailsof the measuremergys-
tem are availablein [5].

B. The measuementcampaign

The measurementampaigrwasconductedn several
different ervironmentsin Coloradoand California [5],
[6], assummarizedn Tablel. A total of 89 experiments
were recordedmostly in non-line-of-sight conditions,
exceptfor afew in theminetunnels As theervironments
arerepresentatie of public safetyscenariosthe majority
was taken by placing the transmitteroutside, typically
at a commandpost, and the receiver inside, simulating

1This ensuresoperationwithin the far- eld of the antennaswhile
minimizing ervironmentalre ections.



an emegeng responder The ground-truthdistanced
betweenthe transmitterand recever was recordedfor
eachexperiment.

TABLE |
EXPERIMENTS CONDUCTED IN THE MEASUREMENT CAMPAIGN

[ ervironment ]| location | range(m) [ Tx-Rxcong. |
oll CommerceCity | 33.8-135.4 outside—
Re nery co outsidé
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 Cco inside
Corvention Derver, 13.4-189.6 outside—
Center CcO inside
Republic Derver, 12.7-52.0 outside—
Plaza co inside

IV. THE PROPOSED CHANNEL PROPAGATION MODEL

This section describesthe proposedchannelpropa-
gationmodel. It is divided into two componentsl) the
refeenceimpulserespons&haracterizethe shapeof 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
outlinesin pseudocodénow to employ the parameters
to generatea stochastidmpulseresponsen eachof the
ervironments.

A. The pathgainmodel
The excesspathgairt is de ned as
1 X7

B_
f

PG(d) := jH ()i%; ®)

=1

wheref = f¢ % +1 f.Eachdatapointis computed
from the measuredrequeng responsdor f = 698-806
MHz from an experimentwith distanced. In order to
generate modelfor the pathgainconsiderdecomposing
the arrival amplitudein (2)

N>

i ®)

asa productof the refeenceamplitudeay valid at ref-
erencepoint dy andthe pathgainfactor representinghe

A = &

3Densepiping presentecan ervironmentsimilar to inside—outside,
asdiscussedn [6].

3The RepublicPlazais a high-risebuilding locatedin the dovntown
metropolitanarea.

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

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

-n

(@ PG() = PG(do) d% NG
b

(b PG(do) = a2
k=1

The reference pathgain P G(dp) for dg = 1 m and
the attenuationcoefcient n were extracted by robust
tting ° of the model above to the datapoints from (5).
We actually found the breakpointmodel[8]

8

2 PG(d)
PG(d) =

-No

% ;dodg

8

PG(dh) 10 :d>d

d
d;
to representhe datamore accuratelyin someerviron-
ments For example,in theminetunnelervironmentsthe
rst sggmentfor d d; werein line-of-sightconditions
while in the secondsegmentthe recevver was positioned
around a corner passageand so in non-line-of-sight
conditions As well, in Oil Re nery, the rst sggmentwas
alsoin line-of-sight conditionshowever in the seconda
train of large metal columnsobstructecthe recever.

The pathgain in (8) is augmentedby the well-
establishedparametersy N (s4;0; ¢), normally
distributed, which quanti es the variation betweenour
modelandthe datapointsandin thatcapacityrepresents
the stochastiqatureof the pathgainThis is of particular
use when simulating time diversity systems[9]. The
model parameterdor each of the seven ervironments
appearin Tablell.

B. Therefeenceimpulseresponseanodel

Our model for the referenceimpulse responsefi(t)
valid at dp essentiallyfollows from (1) by exchanging
ajk with aj:

A(t) = gre ik (t

j=1 k=1

ix) 9)

It partitionsthe arrivals indexed throughk into clustes

indexed through j, as illustrated in Fig. 2(a) for a

recordedimpulseresponsean Oil Re nery. The notion

of clustersharkensbackto the well-known phenomenon
rst witnessedn [10] causedby larger scatterersn the

ernvironmentwhich inducea groupdelayin the resultant
arrivals with respectto those of the rst cluster We

identi ed the clustersvisually.

SRolust tting henceforthdenotesthe Trust-Rgion method ex-
plainedin [7].
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Fig. 2. The channelimpulseresponse.

In order to extract the parametersof the model,
n(t) was computedfor each experimentthrough the
IDFT in (3) for f = 698-806 MHz. However, the
recordedfrequeny responsewas rst normalized by
the pathgainf?ctor, replacingit insteadwith H(f) =

H(f) i
gainmodelin the previous subsectiorare neededn this
stepand so were extractedbeforehandAs the recever
wasplacedindoorsin all but Oil Re nery, thesmallerin-
doordimensionausedhe arrivalsto appeaifasterthan
the con/entionaldelayresolutionBi of the IDFT for B =
108 MHz. As aresult,we choseto implementthe super
resolutionalgorithmin [3] to generatea pseudospectrum
in the placeof n(t). Fromit, the arrival delays jx were
extracted followed by the least-squarest in [11] to
estimate(g; ;' jk). Thelatteralsoestimateghe number
of arrivals automaticallythrougha minimum description
length criteria as opposedo arbitrary selectionabove a
certainamplitudethreshold.

d 2 Notethatthe parameter®f the path-

1) Thedelay j:

The equationsin (10) governthe arrival delays The
ground-truthdelay ¢ in (10a) is the time elapsedfor
the signalto travel the distanced at the speedof light
c. The inter-cluster delay betweenthe rst clusterand
the ground-truth delay ; 0, as well as between
the other clusters | i1 ] 1, dependson the
randomly located larger scatterersin the environment
suchasdoorsandhallways. The widely acceptedsaleh-
Valenzuela(S-V) model proposesthat the inter-cluster
delay obeys the ExponentialDistribution [8], [10], [12],
[13]; we believe that this consensuss ratheran artifact
of small measurementbandwidthcoupledwith conven-
tional IDFT techniqueswhich place the sub-resolution
delays within the smallestbin by default, neglecting
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(b) Exponentialrise and decayin the rst clusterin NIST Lab

the distribution within this bin and in turn ariti cally
in ating its concentrationwith respectto the others;
this lendsthe overall distribution a seeminglyexponen-
tial appearanceAs some other authors[14], [15], we
foundthroughusingsupefresolutiontechniqueghatthe
Weibull Distribution

_K

K) =

W(Ci 1
which reducesto the ExponentialDistribution for K =
1, allows a more exact tting of the curve to the data
for(; ; 1)in (10b).Likewisetheinter-arrival delay
(jx jx 1)betweerarrivalswithin clusterj alsoobeys
theWeihull Distributionin (10c)dueto randomlylocated
smaller scattererssuch as furniture, as shavn for Oil
Re neryin Fig. 3.

@ o= 3 (10)

MC; 1) W(i 1 K;j o1
© Cik  jx 1) W(jk  jk 1 il 2
1=

In orderto t the parameter®f the distributions, the
clusterswere rst isolatedvisually from the multipath
prole of each experimentand indexed accordingto
the clusterdelay ;. The two parameter®f the Weilull
distributionwerethenrobust t to theinter-clusterdelays
given from all the experimentsin a particularernviron-
ment; in the samemanney the two parametersvere t
to all the inter-arrival delays.

2) The complex referenceamplitudes; € ik :

In the original S-V modelandin referenceo Fig. 2(a),
the cluster amplitudes; fadesexponentiallyversusthe
clusterdelay ; accordingto the cluster decayconstant

( j) in (11a)for 1 = 1. We found that allowing
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1 0 givesa better t asillustratedin (dB) for Oil
Re neryin Fig. 4(a), shaving 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 amplitudes;x fades
exponentially versusthe intra-cluster delay ( j« i)
accordingto the arrival decayconstant ( ;) in (11b)
for 1 = , = 0. Someresearcher$8], [12], though,
have found ( ;) to beafunctionof theclusterdelay ;
andsohave allowed ; = 1; we foundthatunrestricting

1 givesan evenbetter t with variationfrom the curve
s , asillustratedfor Oil Re neryin Fig. 4(b). Finally, the
arrival phase ji in (11c)is well-establishedn literature
asuniformly distributed [3].

1(3)
2

10 ; (11)

1
+ S ;

(@) & = & 10
N
(= o s

S N(s ;0 )
(i) k. j)*s

1
2 10

(b) & =& 10°
(j)——o n_Js
s N(s;0; );
s N(s;0; )

1
+ o2+ S,

(© "jx U(jk:0,2)

In orderto determinethe parametersn (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 capturingthe 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 ;.
Subsequentlywe robust t the curvesshown to the data
points collectedfrom all the clustersin orderto extract
(0; 15 )and( o; 1; 2; ) respectiely.

In NIST Lab andRepublicPlaza thereis virtually no
penetrationof the direct path given the density of the
building materialsand so the rst clusterin particular
experiences strongexponentialrise to the peak,typical
of non line-of-sightconditions,beforethe normaldecay
of the arrivals. This exponentialrise can be modeledin
the samemanneras the decaythrough (11b), however
by replacing( o; 1; 2)with( §; 1; 5)=(-7.294e-5,
1.941,1.890e-2)and (-1.304e-1,0.116,4.260)in NIST
Lab and RepublicPlaza respectiely. Fig. 2 highlights
a recordedmpulseresponsewvith an exponentialrise in
the rst clusterin NIST Lab (b) in comparisonto one
without in Oil Re nery (a).

C. Reconstructinghe impulseresponse

A stochasticimpulse responsecan be reconstructed
from our modelthroughthe following steps:

1) Selectd (andin turn ¢ = %) andthe parameters
from one of the seven ervironmentsin Tablell;

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

3) Choosea subbandin f = 698-806 MHz with
bandwidthB andcenterfrequeng f ., andsample
interval f; computeH (f ) in (2) for eachsample
frequeng from the pathgainmodelin SectionlV-
A andthe generatedarrivals;

4) Computethesoughtimpulseresponsé(t) through

3).

V. CONCLUSIONS

In this paperwe have proposech channelpropagation
model for the 700 MHz bandin seven ervironments.
The stochasticmodel is describedthrough a channel
impulseresponseompletewith 17 parametergxtracted
from datacollectedfrom 89 transmittesrecever con g-
urationsusingthe stepped-frequerycmeasuremertech-
nique. Ours breaksfrom the original Saleh-\alenzuela
model to evidencea slower than exponentialdecayin
the cluster amplitude as well as an exponentialdecay
in the arrival amplitudedependenbn the clusterdelay
In addition, we employed a superresolutionalgorithm
asopposedo the corventionallnverseDiscrete Fourier
Transformto expose that the inter-arrival delays are
actually Weibull distributed.
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TABLE I
THE PARAMETERS OF THE PROPOSED CHANNEL PROPAGATION MODEL FOR THE SEVEN ENVIRONMENTS

cluster delay t,
(c) Arrival amplitude

cluster delay t., (ns)

ervironment pathgain delay amplitude
PG(do) | no ni di d K [) 0 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 -1847 | 055 | 19.04 | 70 | 053 || 154.63 | 15.17 | 38.05 | 2.70 1.204e2 | -1.451 | 1349 | 4.604e-2| 0.004 | 2.114el | 0.097 | 1.56
Mine Tunnel
Hazel-Atlas -12.23 | 0.26 | 21.19 | 60 2.49 1 1 3434 | 3.22 1.170e9 | -3.799 | 5.16 | 8.496e-1| 0.012 | -9.546e-1 | 0.042 | 3.45
Mine Tunnel
HorizonWest ||| -21.66 | 1.82 | NA NA | 484 || 565.70 | 2.66 | 42.36 | 451 || -1.442e-3| 0.044 | 5.05 2772 | -0.110 | -1.446e-1| 0.023 | 3.00
Apartments
NIST -77.02 | 433 NA NA | 318 || 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 5717 | 595 | NA NA | 3.02 || 58297 | 1.49 | 37.40 | 402 || -8.244e-4| 0.655 | 7.79 | 1.664e-1| 1.123 | 1.779e-2 | 0.011 | 3.38
Plaza
Corvention -11820 | 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
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