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ABSTRACT

A stochastic urban electromagnetic propagation model for
non-line-of-sight (NLOS) paths was critically examined by
comparing model behavior to ray tracing simulations in
four city environments. We focus on the quality of
model/data fit and the ability to a priori set model
parameters based on city geometry and building
materials.

The stochastic model was found to fit smulated data well
in typical cities. However, relating model parameters to
city geometry metrics met with limited success. This is
most likely due to the difficulty in characterizing city
geometry, and the underlying physics of the model. The
complex process of eectromagnetic propagation is
modeled as a simple one-dimensional random work,
leading to diffusion-like behavior. The model does
possess utility in its ability to provide easily computed
estimates of urban propagation path losses and is an
improvement over other empirical models.

I.INTRODUCTION

Providing robust radio communications within an amb
environment for highly mobile forces independent aof
fixed infrastructure has always been a challengettie

modern  Army. Not only do
characteristics limit achievable ranges, they &@fecdlt to

highly accurate predictions on a node-by-node bdmis
rather provide a generic assessment of the comitgcti
expected for the network as a whole. This woulnvioe
estimates for the network behavior of a large nundfe
nodes and parameter variations without being so
computationally intensive as to create unreasonkinly

run times. A number of highly empirical modelsstxor
elevated base stations to ground mobile users asithe
Okamura-Hata or Walfisch-lkegami modeld.[Models
exist for NLOS, ground-to-ground, paths [2, 3] laue
designed for relatively orderly urban building
arrangements. Franceschetti and others [4, 5] have
recently proposed stochastic models for electrom@gn
propagation in urban environments. These models are
based on a well defined physical picture where RF
propagation is modeled as a one-dimensional random
walk. They predict the functional form for receivsidgnal
strength versus transmitter distance and requirenct
three parameters: an effective power, a measuneterf
building spacing and a measure of the buildingertibn
characteristics.

This paper critically examined the capabilities of
stochastic propagation model and attempted toerelity
characteristics to model parameters. The analgsiedron
ray tracing results generated for four cities witbry
different geometries: Rosslyn, Ottawa, Berne and

the propagation Helsinki. Three frequencies were chosen, 400, 9t a

2100 MHz, and building material characteristics aver

accurately predict and possess high variability.e Thvaried. We investigated the ability to set modebpzaeters

network designer needs to be able to quantify #mges
and associated variability and offer solutions tovme a
robust, well-connected network that can supporitafi

using city geometry information. Such a capabiityuld
allow model prediction by simply computing the
appropriate city geometry metric(s) and relatingnthto

Operations in Urban Terrain (MOUT). The complexdtie model parameters.

of network modeling create the need for an easily

implemented, physics-based urban ground-to-groungection Il provides a brief discussion of the regcing

propagation model for assessing the networkingpproximation and defines the simulation stratefiye

capabilities and performance of proposed DoD RMtochastic urban model is described in Sectiorali) ray
communications systems. Such a propagation mod#icing simulation results are presented in Sectn

would provide quick estimates of signal strengths iModel and simulation results are compared in Sectio
generic cities without using computationally intees Wwhere we attempt to relate city geometry metricsamlel

techniques such as ray tracing where detailed ibgild parameters. Section VI discusses the models cépebil
structure data (non-generic) are required. This ehodand short comings and presents two approachesddeim
would not be used to plan a specific deploymenh wit
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improvement and utilization. Section VIl summarizke An aerial view of the four cities used in this stuid
work. shown in Figure 1. All have very different geometri
structures and the city geometry files were avé&lab
II.THE RAY TRACING APPROXIMATION within the Wireless Insite software. Receiver positions
greater than 200 m from the transmitter were soaghit
Electromagnetic propagation can be determined i arthe city areas provided were smaller than requird.
environment by solving Maxwell's equations subjést larger urban area was created by merging four icknt
appropriate boundary conditions. Unfortunatelys ikinot ~ cities into a single, larger urban area. This isnsmost
easily achieved either analytically or with numalic clearly for Rosslyn.
methods. In general, approximations must be made
regarding the nature of the propagation, and ragirtg is The small and large circles in Figure 1 are atiraflil0
one such approximation. The details of ray traciag be and 230 m, respectively. A vertically polarizedfhahve
found in numerous sources [6] and are not givere.herdipole antenna at 2 m height radiating 30 dBm waseal
Simply put, this method treats electromagnetic waas at the circle center. Half wave dipole antennag ah
rays that propagate according to the laws of gedcaét height were positioned on concentric circles ofirad to
optics. Those rays can undergo numerous reflectiond30 m every 5 m centered on the Tx. Receiver agaci
diffractions and transmissions based on detaile@as approximately 5 m on each circle circumfereace,
information about the positions, shapes and surfad€ceived powers were only computed outsiole the
characteristics of the urban structures. Snelkg taves  buildings.
the distribution of the scattered wave field anggital
optics provides the scalar magnitudes, which anensed Powers were averaged over each radius and additiona
to produce the final result. averaging was done by repeating the computatiam avit
new Tx position and set of receiver radii. The new
The ray tracing solutions were obtained using dositions were displaced from 70 to 130 m to ther fo
commercial software packageWreless Insite by cardinal compass points, resulting in data for fixéRx
REMCOM. The Urban Canyon or 2D approximation wagpositions, Center, North, South, East and West.
used in here, where only paths connecting the TR
in the two dimensional, horizontal plane are cossd
and there are no diffractive paths over buildingisTis a Diffractio
reasonable assumption for ground-based antenizam &
meters in many urban areas.
Reflection

Figure 2. Reflecting and diffracting paths
connecting transmitter and receiver.

The stochastic urban propagation model is basethen
assumptions that many reflections occur betweemmnitk
Rx. Figure 2 shows a typical example of rays coting&a

Tx and Rx. Each line is a ray and the color codiogs
from strongest, red, to weakest, blue. Numerous
reflections and diffractionsan be seen.

A valid criticism of our method is that we are tieg ray
tracing results as reality for comparison to anlhdital
model. The ray tracing approximation has been shi@yvn
to provide good power estimates when properly agpli
It is a practical technique compared to the timesooing

Figurel. Aerial view of thefour citiesused in this
study: Rosslyn, Ottawa, Berne and Helsinki and costly approach of a measurement program itipieul
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cities with different geometries and building m&tk. S depends on frequency onlyy allowing y to be a
Our method provides insight into the stochastic ehod function of frequencyn is solely geometry dependent and
accuracy and usefulness under varying urban sstdnd S does not _explicitiydepend on frequency. This explicit

conditions. frequency independence of the power flux density is
_ _ consistent with two assumptions of the model angkaps
[11. The Stochastic Urban Propagation M odel in both Eq. (1) and (5). First, only specular refilens at

building surfaces are considered while frequency
Detailed descriptions of the stochastic urban pyapan  dependent diffractions around building edges are As
model can be found in [4, 5] and a simple desaipis  shown in Figure 2, diffractive paths can contribtdaethe
presented here. Scattering can be categorizeddiegdo received signal. Second is the assumption thaptieer
whether the scatterers are electrically large omllsm at a receiver is obtained by “summing the intensityll
(scattering dimension large or small relative tee th different waves reaching the receiver” [4]. This
radiation wavelengthy, respectively). In the former case, corresponds to incoherent ray addition and neglants
electromagnetic waves are modeled as rays thatctefl constructive/destructive interference effects whichn
according to Snell's law yielding reflection coefénts. occur.
In the latter case, photons are modeled as haetepthat
reflect randomly from point scatterers with an apson IV.RAY TRACING RESULTS
coefficient,y. Simplifying assumptions in [4] allow both _ _ _ _
categories to be modeled as a one-dimensional mandol Ne ray tracing computations used the four cityngeiies
walk. In particular, the electrically small cagsembles a Shown above and three narrow band frequency wawsfor
diffusion process with an effective mean free pattat 400, 900 and 2100 MHz. Two constant reflection
ultimately determined by the dimensions and semarsit coefficients were used, -0.8 and -0.2, simulatingcdyand
of the scatterers. poor reflecting surfaces, respectively. Figure Dveh
averaged power flux density, S, versus distancethad
color and line codes shown for Rosslyn apply totlad
results. A linear r axis was used to emphasize the
approximate exponential nature of the solution, aedr
straight lines indicate the quality of the model fi

In general, reflection coefficients are a functarincident
angle and polarization; the present ray tracingi&tions
used constant reflection coefficients to allow canigon
with the stochastic model assumption of consianthe
number of reflections between the Tx and Rx isteeldo
an average inter-building spacing embodied in tiverise

of the photon mean free patfp, (1/m). In the electrically Power Flux Density vs. Distance from Transmitter

small case, the following expression for the pofhex N\ Ottawa
density, S (watts/fp versus distance from the transmitter, _ Y
r, was derived [4] = %
£ S
@ 2100 MHz RN
S=1/(4m) [ (1y)nr exp(ar) + exp(Br) ] Per (1) > A N
where 100 Dl sy 900 MHz
— 2
a=(1-(19)° n @) 0 -
Berne N | Helsinki |
_ ~ 1 N
B=1-19)° @ gl A\
and Ry represents an effective power. The power at a = X Ay \\
given receiver is computed as *» \:@. \\¥3 \“‘i::w
_ 2 P e ‘t;»_e
P =S G\/4n 4) 100 e .
0 100 200 0 100 200
where A is the RF wavelength and, Gs the receiver _ r(m) r(m)
antenna gain. The authors [4] note that the setema of Figure3. Averaged power flux density versus
Equation (1) dominates the expression for relagigehall distance for thefour cities, threefrequenciesand
r. For realistic values ofy andyandr > 50m, Eq. (1) two building reflection coefficients.
becomes
Near exponential behavior past r ~50 m exists fussR/n,
- 2
S= L(4anr) [exp(Bn)] Per (5) Ottawa and Helsinki. Berne deviates from this barav
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which is probably due to the long, narrow structof¢he  diffraction and interference. When only reflectioase
city streets compared to the other cities. The pdiux  allowed, the incoherent summation yields no fregyen

density decays rapidly for a lossy reflective scefgp=  dependence for the power flux density. The use of
-0.2, as expected, and there is minor frequencygorrelated summation results in frequency dependenc
dependence for this lossy surface case. where the 400 MHz signal suffers greater destractiv

interference then at 2100 MHz. Also, very littléfelience
exists than at 2100 MHz between correlated and
incoherent summation. This is to be expected adiltbe
criteria become more difficult to satisfy as thevelangth
becomes shorter and the rays tend to de-correlate.

Thep = -0.8 results show frequency variation. This ban
traced to the manner in which the multiple ray$varg at
the receiver are summed to obtain received powetize
inclusion of diffracting rays. The electric fielat any
receiver can be written as

=N Allowing diffractive paths greatly increases sigaabength

E =5 aexp(-6k) (6) and also increases the (on average) destructive

k=1 interference at the lower frequencies. This is =bast
with greater ray correlations as the wavelengtheases,
while the bias toward destructive interference iesult of
the Rayleigh distribution for multi-path rays. The
difference between the use correlated or incoherent
summation and the inclusion of diffraction are mmized
Bheren= EE (7) whenp = -0.2. The rays lose substantial energy upon

reflection and combinatory effects are small.

where N is the number of direct, reflected andrddted
rays reaching the receiver. and6, are the field strength
amplitude and phase of thd" kay, respectively. The
power may be obtainembherently by

or incoherently by .

_ _ 2
Pincoherent= kZ=1a< (8) V.SIMULATION RESULTSVERSUS MODEL

Powers obtained coherently can show constructivé an _ _ _ o
destructive interference effects, while powers it The simulation results can be fit to the solutigngen in
incoherently will not. Neither summation method mzy E9S- (1) and (5) although a number of questiorseaiihe

. . . 1
appropriate in many situations. Computationalljherent ~ full solution, Eq. (1) is valid only for r greatéran ~1@",
addition implies precise knowledge of all building based on inverse Fourier Transform approximatiau uis

positions (to within 1/2 wavelength), an unreatisti [4]. This approximation translates to requiring rarous

assumption. Incoherent addition negates all passibf€flections (along NLOS paths) and satisfying the
interference effects which can be at play. stochastic nature of the model. In our cities, this

corresponded to r > 30 m where the far field sohutf
Wireless Insite provides an alternative to these twoOEq. (5) and Eq. (1) are nearly identical. Note fatneed
extremes correlated summation. A filter is used t0 not equal the true radiated power. Also, using @}jand
determine which rays have followed a similar sepaths.  attempting to find the bests andy's creates the following
Examples of the filter criteria are the time ofieat or  gjfficulty. One finds a set of best fit(y) pairs with
angle of arrival/departure. The electric field ism8ned relatively small variance between data and ctityes.
coherently for all these “bundled” rays and the st These pairs satisfy Eq. (3) for a const@ntand the pair
bundled rays are then summed incoherently. Thifioget gefined by the precise minimum may not always be
allows for constructive/destructive interferenctees but  meaningful. Unrealistic values gfandy can occur where
does not over-estimate them as would be the case feir roles are “flipped”, that is, large valuesrp€ombine
coherent addition of all rays. with small values ofy which are inconsistent with the

The other reason for the frequency dependency dstdu 9€0metry and the known reflection coefficient.

inclusion of diffractive paths. Diffraction arouriilding  Based on the previous discussions concerning abeck!
edges is frequency dependent with higher frequenGyersus incoherent summations and the contributibn o
signals being attenuated more than lower frequencyitfractive paths, we focus on the 2100 MHz resultere
signals. both effects are at a minimum. Simulation resulit e
more in the spirit of the incoherent summation as=diin

A series of computations were performed with reftets
the stochastic model.

only and incoherent summation to ascertain thectsffef
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Figures 4 and 5 show the values[®fand the curve fit
variance,o, for all four cities and two values of building
reflection coefficient. Three methods were usedltain
B, and are labeled a, b and c. Method (a) usedvraged
power at all the radial positions from r =10 to 280and «@

allowed the effective power to be a free parameter o

Method (b) is similar to (a) but only used radialirgs
from 50 to 230 m. Method (c) set4Pto be the true
radiated power and used all the radial positionsthdd
(b) is the one most in the spirit of the model 057,

while Method (c) minimized unknown parameters by

setting R and is preferred from a practical point of view.

The best data to model fit (lowest values @f were
always found for Method (b) as expected. Only radia obtained by three curve fitting methods for four
points r > 1@™ are included and.Ris a free parameter.
For good reflecting surfaces, the quality of thiewas

good witho always below 5 dB, anfl depended weakly y is related top as follows. p is the reflection coefficient
on the method. For poorly reflecting buildings #aame is
true except for Berne. Note the scaledois 3x larger for
p =-0.2. Again, given Berne’s peculiar building gesiny,
this is not surprising.

0.10

o (dB)

Rosslyn

n

a b c
Method

Good Reflecting Surfaces p=-0.8

Ottawa

1]

a b c
Method

Berne

m

a b c
Method

Helsinki

i

a b c
Method

Figure4. Valuesof B and associated variance, g,
obtained by three curvefitting methodsfor four cities
with good r eflecting surfaces.
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Poorly Reflecting Surfaces p=-0.2

Rosslyn Ottawa Berne Helsinki
0.15 B

o (dB)

a b c a b c a b c ab c
Method Method Method Method

Figure5. Valuesof B and associated variance, o,

citieswith poor reflecting surfaces.

for the electric field,
p=E/E 9)

where the subscripts refer to the reflected anddémt
electric fields, respectively. The ratio of refledt to
incident power is given byp?. As y describes the
probability of a photon (energy/power) being lost o
absorbedy andp are related by:

y=1-p° (10)

The two values chosep, = -0.2 and -0.8, yiel¢ = 0.96
and 0.36, respectively. Thés represent highly absorbing
and relatively good reflecting surfaces, respebtive

This study sought ways in which the stochastic rhode
usea priori information on city geometry and knowledge
of building surface characteristics. Average irieilding
spacing is not a well-defined metric in complex amb
environments, and trying to develop any such metric
might not be a fruitful exercise. One simple pragedwas

to scan through the urban area along differennhtatens
and accumulate statistics on the distances between
structures. This is shown schematically in Figur&éans
along the horizontal, vertical and both diagonaéctions

are depicted, and statistics on all the arrow lengire
gathered. Better metrics may exist but this doewige
some statistical measure of the urban environment.
Histographs of these “open area distances” werd tse
define length scales associated with the four toes
plus one based on all directions combined. A sumroér
these length scales is given in Table |I.



- of average signal strength in an urban setting. e Th
@ pessimistic view would be to note that the ratiasyvtoo

. % greatly from the mean.

o p=-0.2
$ LD LD2; o p=-0.8
- B Method (a) N

sl — ;
Figure 6. Schematic representation for
defining inter-building spacing. o Method (b) 2
F.'L_ ) :
2F 5
2 e
Tablel. Estimated Valuesfor
I nter-Building Spacing 41 Method (c) °
= o
Vert | Hor |Diag | Diag | Total =5f ° * °
Rosslyn| 34 | 29 | 26 | 25 | 28 s, g e <
7 g o 7]
Ottawa | 54 | 41 [ 37 | 37 | 41 g O “ T
Berne 50 | 31 | 26 | 26 | 31 Figure7. Theratio of inferred inter-building
. _1 . . .
Helsinki | 28 29 | 21 7 . spacing n a}n'de(')r tworeflgctmn coefficients and
the four citiesusing three different methodsto

. _l . .
Some correlation between these length scales amd th obtain n. Straight lines are mean value.

cities shown in Figure 1 can be observed. Bernsvetio
large disparity between horizontal and vertical lssca V1. DISCUSSION

Rosslyn was relatively uniform, etc. One should be
cautious about ascribing too great a significarmehe It is gratifying that relating the stochastic mogarameter

inter-building spacing for two reasons. First itriet an P © & crude estimate of inter-building spacingneets

easily defined metric. Second, and more importaritly With some success. This is the optimistic inteqtien of
may not be the parameter controlling the probleysias. the results in Figure 7. The difficulties in rétaf 3 and L

A more appropriate parameter may be the buildimgsr ((h€ pessimistic view) may be due to the model
sections and will be discussed in Section VI. assumptions in a number of ways. The very complex

process of electromagnetic propagation has bedacesb
How well thlsa priori strategy works can be assessed byith a leaky diffusion model, leaky in the sensatth
comparingn™ to the estimated inter-building spacings“photons” are removed based on the valug. Grequency
given in Table In is obtained using the best fitand the  dependent phenomena such as diffraction and cateren
known value fory via Eq. (3) and Eq. (10). For simplicity, cannot neatly fit into this framework. Also, the anefree
we only use the values based Total histographs, amth n™, and the inter-building spacing are equated. In
Figure 7 shows the ratio betwegit and L for the four reality, the mean free path for a photon (or raygiven by
cities and the three curve flttlng methods for dBtBIng the product of density of reflectors, n (numbé’/and the
B. For a “perfect” model and “perfect” estimate ofer-  cross section of those reflectors,(m), where we are
building spacing, L, the ratio for all points shdube considering a two-dimensional situation.

equal.
N = N0y (11)

The data summarized in Figure 7 can be viewed
optimistically by noting that the ratio ofy%/L is Only in the restrictive case of uniformly positi@hequare

approximately 2-1/2. This implies that one can view reflectors at spacing L, and reflector sizes smadditive to

urban area from above, estimate L as done hereg mak L+ €an the simple relationship between mean frek, pd,
estimate of surface reflecting based on knowledge &Nd L, be valid where
typical building material, compuf{g and make predictions n=_L" (12)
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This simplification of equating] to L™ may the root
difficulty in settingn in terms of L.

The above does not negate the stochastic moddity.
Many instances exist in engineering where complex

processes are modeled as diffusive-like processes.

Turbulent flows arise from very complex fluid
interactions, yet can be treated as diffusion-pkecesses
in many instances. What cannot be done is to Setrgal

constants in such models. Also, some flows canmot b
accurately modeled using a diffusion formulation.

The rich multi-path scattering and diffraction in arban
environment does have some diffusion charactesistiod
this is the reason the model fits the simulated dadll in
most cases. However, it is difficult to robustlyate city

[1] Theodore Rappaport,

systematic study. Also, the stochastic model can be
utilized by building a library of stochastic model
ut parameters for various city types.
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