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Model for urban and indoor cellular propagation using percolation theory
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3 Universitàdegli Studi del Sannio a Benevento, Benevento I-82100, Italy
~Received 30 September 1999!

A method for the analysis and statistical characterization of wave propagation in indoor and urban cellular
radio channels is presented, based on apercolation model. Pertinent principles of the theory are briefly
reviewed, and applied to the problem of interest. Relevant quantities, such as pulsed-signal arrival rate, number
of reflections against obstacles, and path lengths are deduced and related to basic environment parameters such
as obstacle density and transmitter-receiver separation. Results are found to be in good agreement with alter-
native simulations and measurements.

PACS number~s!: 42.25.Dd,41.20.Jb
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I. INTRODUCTION

Telecommunications have experienced, in recent ye
unprecedented development, mainly stimulated by wi
spread demand for fast and reliable access to informa
with steadily improving quality of service. When terrain pr
files, customer distribution, absence of existing facilities, a
allowance for user mobility make wired systems unaffo
able and not worth the cost, wireless cellular systems are
choice. However, in order to get reliable estimates of
coverage and therefore mean extension of the cells, we n
a working knowledge of the propagation properties of
indoor and outdoor radio channels involved.

Most widely used techniques devised for this goal ad
an empirical approach whereby measured electromagn
fields are used to build some statistical characterization
the channel under observation@1–6#. On the one hand, thes
methods are time and cost demanding, since they need
tensive measurement campaigns at every location to be c
acterized. On the other hand, they are quite reliable in te
of accuracy.

An alternative procedure which is viable when deali
with microcellular environments is referred to as the ‘‘r
tracing’’ @7# method. This basically consists of tracing th
trajectories of the electromagnetic energy flux from the tra
mitter to the receiver, making some judicious use of the d
fraction theory, whenever needed, to compute the princ
part of the field in an~asymptotic! short-wave expansion. To
accomplish this, somea priori knowledge of electromagneti
and physical properties of the propagation environment
an adequate amount of processing power is required.

The method proposed here is based on a model of
propagation channel borrowed from the percolation theo
This will allow for a remarkably simple description of th
channel itself and the propagation phenomena in it.

This Rapid Communication is organized as follows.
Sec. II the proposed model is outlined, and the relevant
sumptions and simplifications are discussed. In Sec. III sim
lations are presented for the propagation of an ideal p
through a channel within the framework of the propos
model.
PRE 611063-651X/2000/61~3!/2228~4!/$15.00
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II. PERCOLATIVE APPROACH

Percolation theory~PT! describes diffusion phenomena
a random lattice, as a function of the interconnection dens
It has been widely applied to such diverse fields as bioph
ics, polymer science, and electrical engineering, to nam
few @8#. By properly tailoring PT concepts and analys
tools, one could study the propagation of an electromagn
~EM! wave, e.g., in urban environments, where open pa
take the role of the percolative clusters~a cluster is defined
as a sequence of neighboring empty cells!, and EM energy
flux plays the role of the diffusing fluid@9,10#.

As a key feature, PT allows us to describe relatively co
plex phenomena using a relativelysmall number ofsimple
parameters. For urban channel propagation, the rele
quantities are the scatterer density, the~wavelength-scaled!
cell-side length, and the transmitter-receiver distance.
shall accordingly model a city as a two-dimensional squa
cell lattice, where occupied cells represent buildings wh
known density isq. Cell-side length will be assumed as fixe
and denoted bya.

Without loss of generality we can imagine a uniform d
tribution of buildings, and consider the status of each cel
being totally independent of that of the surrounding ones.
EM wave radiator in the channel is modeled as the sourc
an isotropic set of rays~EM energy-flux lines!, and can al-
ways be assumed to be located at the center of the lattic
this latter has infinite extent. Theray modelof EM wave
propagation holds in the short-wave limit, where the E
field characteristic wavelengthl5c/ f is much smaller than
the scatterer size (l/a!1).

Electromagnetic energy-flux lines~rays! percolate
through the empty cells from transmitter to receiver, obey
the laws of geometrical optics. Obstacles are taken
opaque, with an average~e.g., at normal incidence! reflection
coefficientR. Refracted waves are supposed to be comple
absorbed, so that no ray can traverse an obstacle and
emerge from it. We ignore diffraction effects~contributing
terms of higher order in powers ofl/a), and assume locally
plane-wave fronts and scatterer surfaces.

It is clear that if the density of occupied cells is too hig
R2228 ©2000 The American Physical Society
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no ray is likely to reach the cell where the receiver is locat
and the radiated energy will be absorbed by the surround
obstacles. By allowing the occupied-cell density to decrea
a ‘‘spanning’’ or percolating cluster may form, allowing ray
to reach the receiver.

The critical valueq5qc at which the above happens
referred to as thepercolation threshold. In a number of
physical problems~e.g., spin diffusion in ferromagnets!, this
corresponds to aphase transitionof the structure. The per
colation threshold depends on the geometry and topolog
the problem. For two-dimensional~2D! square-cell lattices
qc'0.40 725. As a result, the occupied-cell density value
all subsequent simulations will be chosen such thatq,qc ,
so as to allow the existence of percolating cluster~s!.

Before discussing the software implementation of
model and presenting the main results of our simulation
preliminary discussion of the above approximations is in
der. Free- and occupied-cell densities in a realistic c
modeling lattice will usually be nonuniform. Urban are
will likewise resemble clusters of clusters, separated by la
empty areas. Furthermore, in a real city there are usu
highly connectedstructures~i.e., streets and squares! that in-
troduce some degree of correlation in the statistical distri
tion of occupied cells. Nonetheless, our simple unifor
uncorrelated building distribution could still apply to man
European historical city centers, in view of the peculiar w
they grew@9#.

Our model assumes flat obstacles affecting propaga
through simple reflection. Because of the large amoun
fine details in the external structure of buildings, this is
crude assumption. Indeed, diffraction phenomena may
only be present, but occasionally play a major role in de
mining urban channel characteristics@11#. These could be
included, in principle, e.g., along the lines sketched in@12#,
at the expense of an additional computational burden.

We consider a two-dimensional propagation problem.
a matter of fact, transmitters are usually placed on top
buildings, and therefore reflection, absorption, and poss
diffraction from floors and roofs should be taken into a
count. This is possible, in principle, by appropriate 3D ge
eralization of the model, resulting in a different percolati
thresholdqc .

Finally, no information on possible time changes of t
scenario have been considered. In urban environments, m
ing obstacles such as buses, cars, and motorcycles can
part in the determination of the propagation characterist
This could be taken into account, in principle, by averag
over several different lattices with the same density.

Averaging over a large number of different lattices
however, implied when dealing with a statistical charact
ization. This allows us to apply the general results obtain
paying no attention to the effective building distribution b
simply referring to an overall density parameter.

III. SIMULATIONS RESULTS

Simulation procedures have been implemented
MATLAB . Uniformly distributed random lattices modeling th
cellular channel have been generated using the RAND
built-in function, which generates a~pseudo!random number
uniformly distributed in@0,1#. For each cell such a random
,
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number is generated and compared to a fixed threshoq
,qc in order to decide whether or not the cell is occupie
Applying the same procedure to every cell results in a latt
whose average occupation density isq, i.e., if N is the total
number of cells, there will be;qN occupied cells. It is
apparent that only afinite lattice can be simulated in practice
In our simulations we used a square lattice of 81381 cells.

An isotropic set of rays emanating from the source h
been taken as a suitable source model. The set has
generated simply taking a reasonably large number of e
spaced angular directions, representing different rays.
total numberNr of rays/directions included in the simula
tions is set by software and hardware limitations and w
taken asNr5214 in our investigation.

Ray trajectories are traced using Snell’s law. Path leng
are deduced from obvious trigonometric formulas, and
flection coefficients through Fresnel formulas. Rays reach
the lattice boundary are considered to be irreversibly lo
Rays are also discarded if their amplitude falls below
assumed ambient noise floor.

For each ray reaching the cell where the receiver is
cated ~see Fig. 1! the overall path length, the arrival tim
~pulsed source!, the number of reflections undergone, and t
number of cells crossed are stored for subsequent use.
ray tracing procedure is stopped as soon as all rays em
have reached the receiver, or been lost through the la
boundary, or attenuated below the assumed ambient n
floor. The distribution of the main features~arrival times,
number of reflections undergone, and overall path leng!
over several~typically 102) realizations of the lattice are the
computed for different values of lattice densityq, and dis-
tance between source and observation pointsd.

Note that, according to@10# the proper distance to b
considered here is thecity-block distanced5Dnx1Dny ,
whereDnx andDny are the number of horizontal and vert
cal cells between transmitter and receiver, respectively,
stead of the Euclidean one. The main results of our simu
tions are summarized in Figs. 2–4.

As usual, when dealing with counting processes, ass

FIG. 1. Example of ray propagation in a random lattice.
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FIG. 2. Arrival ratel(t) vs arrival timest.

FIG. 3. Number of reflectionN(t) vs arrival timest.
ing a pulsed source, we cana priori assume a Poisson dis
tribution for the arrivals. Under this hypothesis, the probab
ity of countingm arrivals in the interval@ t1 ,t2# is

P@N~ t1 ,t2!5m#5
@L~ t1 ,t2!#m

m!
e2L(t1 ,t2),

where theintensity function

L~ t1 ,t2!5E@N~ t1 ,t2!#5E
t1

t2
l~ t !dt

with l(t).0 andL(t1 ,t2).0 (t1.t2).
The functionl(t) ~arrival rate at timet), also known as

parameter functionof the Poisson distribution@13#, exhibits
several maxima, each of which corresponds to a cluste
ray paths@Fig. 2~a!#. This is consistent with previous resul
discussed in@1#. Simulations at different density values sho
that longer paths occur at higher densities, since a la
amount of obstacles implies longer trajectories needed
reach the cell where the receiver is located. It should also
noted that arrivals exhibit a wider spread around the maxi
as the lattice density is increased. No sensible qualita
variations in the above picture are noted, on the other ha
for different values of the transmitter-receiver distance@Fig.
2~b!#. From Figs. 2~a! and 2~b! it is also deduced that the
average amount of arrivals in the chosen observation w
dow (0<t<20 ms), obtained integratingl(•) over the re-
ferred time interval, increases with density and decrea
with separation.

Figure 3~a! shows the dependence of the total number
reflectionsN(t) that rays undergo before reaching the r

FIG. 4. Distances covered by rays.
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ceiver on the lattice density~linear interpolation among nu
merical results!. Higher values ofq result in a larger slope o
N(t). Figure 3~b! shows the dependence ofN(t) on the sepa-
ration between transmitter and receiver. Again, no relev
qualititative changes occur for different transmitter-recei
distances.

The distribution of the overall path length of the ra
contributing to the received signal for various values of
lattice density is shown in Fig. 4~a!. Higher separations be
tween transmitter and receiver imply longer paths, as
pected, and this is shown in Fig. 4~b!.

Figure 4~a! shows that two main regimes are possib
The early ray contributions cover comparable distanc
which are weakly increasing with densities. Later ra
covered distances show a strong dependence on the la
densityq. Specifically, arrivals that immediately follow on
another cover almost the same distance when the dens
higher. This is quite easy to understand: a higher density
a larger number of obstacles do not allow a ray to go too
from the observation cell before redirecting it to the recei
again, so that the time interval between two successive
transits through the same cell decreases with increasingq.
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IV. CONCLUSIONS

A percolative model for indoor and urban channel prop
gation has been applied to a simple square-cell lattice
urban pulse propagation model. Arrival rates, number of
flections, and path lengths have been correlated with the d
sity of occupied cells and the distance between transm
and receiver.

As a next step, two main model refinements could
envisaged. The first one involves more accurate modelin
both the propagation channel in terms of cell geometry a
distribution, and the EM interaction, e.g., by inclusion
diffraction. The second and more ambitious one seeks
obtain the urban-lattice EM impulse response~Green’s func-
tion! in analytic closed form, on the basis of the above si
plified percolative model. Work in both directions is unde
way.
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