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A Building-Transmission Model for Improved
Propagation Prediction in Urban Microcells

Yvo L. C. de Jong, Member, IEEE, Maikel H. J. L. Koelen, and Matti H. A. J. Herben, Senior Member, IEEE

Abstract—This paper presents a model for the propagation
of radiowaves through buildings. The model can be used as a
seamless extension to ray-based propagation prediction models
that only consider external reflection and diffraction, as do most
current models. This involves the use of so-called transmitted
rays, which are traced through building walls. Outdoor-to-indoor
propagation (building penetration) is automatically taken into
account as a “by-product.” The transmission model requires no
information about each building’s interior other than a specific
attenuation factor that describes the global behavior of the field
inside the building. This coefficient can be determined for indi-
vidual buildings by measuring the excess loss associated with the
propagation path through the building. It is shown, however, that
no large errors are to be expected if all buildings are characterized
by the average of the empirical values obtained in this study, at
1.9 GHz. Path loss predictions generated with the aid of the new
model are shown and compared with measured data to illustrate
the considerable improvement in accuracy that can be achieved in
realistic urban microcell scenarios by taking into account building
penetration and transmission.

Index Terms—Building penetration and transmission, mobile
communication, radio propagation, urban microcells.

I. INTRODUCTION

WITH the advent of microcellular radio networks likely to
be employed in third-generation mobile communication

systems, there is an increased interest in propagation models that
are able to provide location-specific predictions of channel pa-
rameters such as local mean power and delay spread. Ray-based
propagation prediction, in which the propagation of radiowaves
is described in terms of straight trajectories in space called rays,
has emerged as the most successful technique for this purpose.
Quasi-two-dimensional ray-based models (often simply called
two-dimensional or 2-D models) are quite adequate if transmit
and receive heights are well below the average rooftop level [1],
[2], as is normally the case in urban microcells. These models
have been reported to provide excellent prediction results for a
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variety of urban scenarios. In many other cases, however, these
models do not provide the same accuracy that can presently be
achieved for macrocells.

Although currently available ray-tracing tools vary widely
with regard to the implementation of the ray-tracing algorithm
itself, they are generally based on models of the same propaga-
tion mechanisms: line-of-sight (LoS) propagation, reflection,
and diffraction. In a number of frequently occurring scenarios,
these mechanisms alone do not adequately explain the channel
properties actually observed. In particular, scattering from trees
located near street intersections can play an important role with
regard to propagation around street corners [3], [4] and, as will
be shown in this paper, transmission of radiowaves through
buildings is often significant behind buildings obstructing the
LoS to the base station antenna [5], [6].

Propagation research for mobile communications in urban
microcells has hitherto been focused mainly on the modeling
of reflection and diffraction from the exterior walls and cor-
ners of buildings. These buildings are usually treated as being
opaque at frequencies used for terrestrial mobile communica-
tions. There does exist a limited amount of published mate-
rial on outdoor-to-indoor propagation [7]–[12] and propagation
through buildings [13], [14], but at present no building-trans-
mission models are available that can be readily incorporated in
ray-based propagation prediction tools.

Rigorous computation of the effects of propagation into,
within, and through buildings, using, e.g., the method of
moments [15], finite-difference time domain (FDTD) methods
[16], [17], or indoor ray-tracing [18], [19] is generally much
too complex in the context of cellular network planning.
Also, it presumes the availability of detailed knowledge of the
buildings’ geometrical and dielectric properties, both external
and internal. In the practice of cell planning, such information
is not available. In fact, in order for a building-transmission
model to be of practical value, it should be simple and require
only a minimum of information about the buildings.

This paper presents a building-transmission model that re-
quires each building’s exterior coordinates and dielectric per-
mittivity, as well as one additional coefficient that characterizes
the attenuation in the building interior. This coefficient can
be determined for individual buildings by measuring the excess
loss associated with the propagation path through the building.
However, as will be shown later in this paper, no large errors
are to be expected if all buildings are characterized by the same
average value ( at 1.9 GHz). As the new model
finds its application in propagation prediction for urban micro-
cell environments, it is kept quasi-two-dimensional. This means
that it will be assumed that the reception point and the source
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of the incident field are at the same height and that the build-
ings are very high. The wave propagation is in three-dimen-
sional (3-D) space, as usual. Although it is straightforward to
extend the model to arbitrary polarization, in this paper atten-
tion is restricted to the vertically polarized field components, so
that all expressions become scalar. The new model can be seam-
lessly integrated into existing ray-based propagation prediction
tools, although it requires the ray-tracing engine to be modified
such that it can handle rays going through one or more building
walls.

The organization of this paper is as follows. The new
building-transmission model is presented in Section II and
Section III provides numerical results generated by this model.
In Section IV, empirical values of the attenuation coefficient

are obtained by fitting the model to measurements taken in
the deep shadow regions behind various buildings. Section V
illustrates the considerable improvement in prediction accuracy
that can be achieved in a realistic microcellular scenario by
considering building penetration and transmission. Conclusions
are drawn in Section VI.

II. BUILDING-TRANSMISSION MODEL

An illustration of the building model adopted in the present
study is given in Fig. 1. As is usually done in 2-D propagation
prediction for microcell environments, each building is mod-
eled as an infinitely high object with planar faces representing
the exterior walls (including windows, doors, etc.). The exterior
building surface will be denoted by and the unit vector is
the normal vector of , which points into the free space sur-
rounding the building. Reflection and diffraction are assumed
both to be independent of the (unknown) interiors of the build-
ings and to be determined completely by the complex permit-
tivity of their exterior walls. This assumption, which appears
to be quite reasonable and is implicitly made in most ray-based
propagation prediction tools, permits the building-transmission
model of this paper to be integrated seamlessly into existing
tools.

Obviously, as in outdoor environments, radio propagation
inside buildings is governed by mechanisms such as reflection,
diffraction, and scattering from various objects. The field
distribution inside a building is therefore dependent on specific
features of its internal structure (e.g., layout, construction
materials). As no knowledge is available about these features,
it is impossible to predict the exact internal field distribution.
Instead, in an attempt to capture the global behavior of the
internal and transmitted fields, the building interior is treated as
a homogeneous medium in which the excess propagation loss
(the path loss relative to the free-space loss) can be described
by a specific attenuation factor , expressed in decibels per
meter, and the propagation velocity is equal to that in free
space. Hence, the field inside the building is governed
by the effective propagation constant

(1)

in which is the free-space wavenumber and denotes the nat-
ural logarithmic base. In general, rays incident on an interface
between free space and a lossy medium are refracted, i.e., the

Fig. 1. Illustration of the building model (top view).

transmission angle is not equal to the incidence angle, even if
the phase constant in the lossy medium is equal to [20]. How-
ever, as for the relatively small values
of found in practice (see Section IV), refraction of rays at the
exterior wall can be neglected.

Consider a ray-optical incident field of the general form

(2)

in which is an arbitrary reference point and is the in-
cident field at . Furthermore, is the unit incidence direction
vector and and are the radii of curvature of the incident
wavefront in the vertical and horizontal plane, respectively, eval-
uated at . Let us now choose such that it lies on the surface

of one of the buildings. According to the laws of geometrical
optics (GO), the reflected field can be written as

(3)

in which is the unit propagation direction vector of the re-
flected field, which is related to through Snell’s law of re-
flection

(4)

The point is called the reflection point. The reflection coeffi-
cient relates the complex amplitude of the reflected field
to that of the incident field and is dependent on the permittivity

and the incidence angle , which is defined as the angle
that makes with respect to , as illustrated in Fig. 1. Here,
we use the soft Fresnel reflection coefficient

(5)

which pertains to vertical polarization. This reflection coeffi-
cient, in combination with values of the complex permittivity
within a range that applies to most common building materials,
is well known to provide an accurate approximation of the
fields reflected from buildings and is used in most ray-based
propagation models. A permittivity equal to 5 was shown to
be an optimum choice in two independent studies [2], [21]
and will be used in the following. Note that for this and larger
values of , the coefficient (5) is virtually identical to the
reflection coefficient for impedance boundaries [22], which
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Fig. 2. Configuration of the simulated environment. Observation trajectory and shadow boundaries are indicated by dashed and dotted lines, respectively. “BS”
denotes the base station location.

will be used instead of the Fresnel reflection coefficient in
Section V.

The GO transmitted field inside the building due to the inci-
dent field (2) is given by

(6)

in which is the transmission point, is the propagation
direction of the transmitted field, and is the transmission
coefficient. Because total power is conserved at the building sur-
face, the part of the incident power that is not reflected back
must be transmitted into the building interior, which means that

must be equal to unity. Neglecting a possible
phase jump of the transmitted field at , which is unimportant
for the present application in any case, can therefore be
written as

(7)

The losses inside the exterior wall are not included in the trans-
mission coefficient. Together with the other losses inside the
building, they are accounted for by the attenuation coefficient

.
To compute the field transmitted through the building, con-

sider a ray-optical field of the form

(8)

that is incident on the surface from within the building. As
before, the reference point is chosen to lie on . Part of the
incident field will be reflected back into the building interior,
where it is attenuated even further and becomes much weaker
than the incident field (8), so that it can safely be neglected. The
GO transmitted field outside the building is given by

(9)

where is the same transmission coefficient as in (7).

The transmission points mentioned above are found with
the aid of the generalized Fermat’s principle, which states
that the optical path length of each transmitted ray must be
an extremum—a minimum in the present case—with respect
to movement of the transmission point over . In practice,
this means that transmitted rays can be traced straight through
building walls, as if none were present. The excess attenuation
due to the building, which we will call the building-transmis-
sion loss, is then found from (6) and (9) to be

dB (10)

where is the length of the transmitted ray path inside the
building and and are the transmission points on the surface
of the building (see Fig. 1).

The building-transmission model formulated in this section is
limited to GO transmitted ray contributions, i.e., internal diffrac-
tion, which involves rays penetrating the surface of a building
at its vertical edges [23], is not included. The model does not
satisfy Maxwell’s equations in any formal sense, but, as will
become clear in Sections IV and V, with a suitable choice of ,
it compares remarkably well with measurements.

III. NUMERICAL RESULTS

The model of the previous section is applied here to a
simple building configuration. The objective is to investigate
the behavior of the total field (consisting of direct, diffracted,
and transmitted components) in different regions behind the
building. The results of this section are relevant to the experi-
ments discussed in Section IV.

Consider the configuration of Fig. 2, where a transmitter
(base station) is located at a fixed position on one side of a
building and the receiver is moved along a trajectory on the
other side. The frequency is set to 1.9 GHz, the permittivity

is 5 (the conductivity is zero), and the specific attenuation
coefficient is chosen to be 2.1 dB/m, which, as will be
shown in Section IV-F, is a realistic value. The diffraction field
is computed using Tiberio–Maliuzhinets’ diffraction coefficient
for an impedance wedge [22]. The field along the trajectory is

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on May 10,2010 at 13:13:56 UTC from IEEE Xplore.  Restrictions apply. 



DE JONG et al.: BUILDING-TRANSMISSION MODEL FOR IMPROVED PROPAGATION PREDICTION 493

Fig. 3. Received power, relative to the free-space level, for the simulated
environment (� = 5, � = 2:1 dB=m). The left half of the plot shows the
total field and the right half shows GO contribution only. Shadow boundaries
are indicated by dotted lines.

shown in Fig. 3, in which the left half of the plot represents
the total field (including diffraction) and the right half shows
only the GO field. Results for the case of no transmission are
shown for comparison. The shadow boundaries of the incident
field (ISB) and the diffraction field (DSB) are indicated in both
figures.

From Fig. 3, it is clear that building transmission plays a
significant role in the shadow region between the ISBs. The
transmitted field is comparable in strength with the DSB in
the two regions between an ISB and a DSB, just around the
building corners, but this is not generally the case. Indeed, as
will be illustrated in Section V, in most practical scenarios,
transmission through buildings is negligible in areas around
the corner from the source. It is further seen in the figure that
the total field, including the transmitted component, exhibits
discontinuities at the ISBs. These are due to the fact that internal
diffraction, which involves transmitted fields that compensate
for the discontinuities of the GO transmitted field [23], is not
included in the model of Section II. Whether the inclusion
of internal diffraction is worth the additional computational
complexity is a topic for further study. In Fig. 3, as in general,
the most notable effect of building transmission occurs in the
deep shadow region behind the building, where the transmitted
field is the only contribution. This region, between the DSBs, is
where the transmission-loss measurements of the next section
were performed.

IV. EXPERIMENTAL RESULTS

The parameter used in the model of Section II is related
to the internal building structure in a highly complicated way
and must be determined empirically, i.e., from measurements
of the building-transmission loss . A major concern in the
measurement of is formed by the disturbing effect of mul-
tipath contributions entering the receive antenna via objects
in the environment of the building considered. A solution to
this problem may be found in the use of wide-band and/or
directional measurement techniques, which offer the possibility

Fig. 4. Plan view of the measurement environment.

to separate multiple waves on the basis of their different prop-
agation delays and angles-of-arrival, respectively [24]. Using
a combination of these techniques, it was demonstrated in [5]
that it is indeed possible to distinguish the radiowaves trans-
mitted through an obstructing building from other multipath
contributions in a realistic microcell environment. However,
important practical disadvantages of this method are the rel-
atively complex measurement procedure and the long time
needed to measure the transmitted field, even for a single
receiver location.

This section describes a fast, simple, and yet accurate method
[6] to measure the transmitted field along a trajectory behind
an obstructing building by using a wide-band radio channel
sounder. Furthermore, it presents results of building-trans-
mission loss measurements for a set of 22 buildings that are
typical for urban environments. Empirical values of the specific
attenuation coefficient are determined for each of these
buildings.

A. Measurement Equipment and Procedure

The building-transmission measurements discussed in this
section were performed using a radio channel sounding system
that was described previously in [24]. This system operates at
1.9 GHz and has a temporal resolution of 20 ns. The receive
antenna, which was vertically polarized and omnidirectional,
was fixed on the roof of a vehicle at 2.4 m above ground level.

The transmit antenna—a vertically polarized, 12-dBi, omni-
directional antenna with a vertical 3-dB beamwidth of 6 —was
positioned on one of the long sides of the building under con-
sideration, at a height of 6.5 m, typical for the base station con-
figuration in urban microcells. During a measurement, impulse
response data were recorded every 0.1 s while the vehicle was
moving at a low constant speed (usually around 1.5 m/s) along a
straight trajectory on the other side of the building. Road layout
and other local circumstances influenced the final choices of the
transmit antenna location and the measurement trajectory.

B. Determination of the Transmitted Field

To illustrate how the absolute transmitted field strength can
be determined from the impulse response data, a typical data
set—measured behind a 15-m-high office building [see the plan
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Fig. 5. Measured power delay profiles along the trajectory. Transmitter is at
location “Tx1.”

in Fig. 4 and the photograph in Fig. 8(f)]—is shown in Fig. 5.
In this measurement, the transmit antenna was at the location
marked “Tx1” in Fig. 4. The major part of the building consists
of small offices separated by brick walls, with wooden doors
opening to a central corridor. A large cafeteria is situated in the
right part. The building has an external construction of concrete,
metal, and glass.

The set of power-delay profiles recorded along the trajectory
is denoted by , being the propagation delay time and
being the distance along the trajectory. For each , the values of

for which has local maxima form estimates of the prop-
agation delays of the dominant multipaths. The value of
at each of these s is proportional to the multipath intensity. The
proportionality factor between the two can be determined prior
to the measurement by connecting a known attenuation between
the transmitter and receiver.

The received field is composed of multiple waves prop-
agating around the building via reflection, diffraction, and
scattering from surrounding objects and a contribution due
to transmission through the building. The waves propagating
around the building arrive at the receive antenna roughly from
the front and back of the vehicle. As the distance along the
trajectory increases, the profile maxima corresponding to these
waves move along the delay axis at an approximately constant
rate (see Fig. 5). The sign of this rate depends on whether a
wave propagates around the left or right side of the building.
Generally, as in Fig. 5, the first transmitted contribution can
easily be identified by its hyperbolic shape and because it has
minimum delay for all . The weaker “clutter” arriving directly
after this first contribution is possibly the result of waves
undergoing (multiple) backward and forward reflection in the
building interior and will be ignored.

The transmitted field is assumed to be the result of a single
transmitted ray propagating directly from the transmit antenna
through the building to the receive antenna, at a propagation
velocity equal to that in free space (cf. Section II). In Fig. 5,
the solid line represents the theoretical delay associated
with the transmitted ray. This delay is seen to be in very good
agreement with the measured delay of the first transmitted

Fig. 6. Measured and modeled building-transmission loss L (transmit
antenna at location “Tx1”). The lower curve has an offset of�20 dB for clarity.

Fig. 7. Measured and modeled building-transmission loss L (transmit
antenna at location “Tx2”). The lower curve has an offset of�20 dB for clarity.

TABLE I
BUILDING CATEGORIES

contribution. The absolute transmitted field strength, required
to determine , is obtained from by setting
and multiplying by the proportionality factor found in the
calibration.

C. Determination of the Attenuation Coefficient

The thin solid line in Fig. 6 represents the measured building-
transmission loss for the example discussed in the previous sec-
tion. This loss exhibits strong and rapid spatial fluctuations,
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TABLE II
EXTERIOR PROPERTIES OF BUILDINGS SELECTED FOR EXPERIMENTS

which indicates that, in reality, the transmitted field behind the
building is the result of two or more waves propagating along
paths of approximately the same length. These fast fading ef-
fects are neglected for the purpose of fitting the proposed model
to the global behavior of the measured transmitted field. The
large-scale fading component of the measured , represented
in Fig. 6 by the thick solid line, is obtained by averaging over
40 wavelengths [25], which corresponds to approximately 6 m.

To simplify the determination of , the building is mod-
eled as a rectangular box having the same length as the actual
building and a width equal to its maximum width. The building-
transmission loss experienced by the transmitted field is mod-
eled by (10). In the case considered here, the incidence angles

and are equal, so that . The specific
attenuation factor is chosen such that the root-mean-square
(rms) error of the theoretical with respect to the averaged
measured data is minimized. For the example under considera-
tion, this results in a value of (for ) and
the rms error is 5.76 dB. The dashed line in Fig. 6 represents
the theoretical computed using these parameters. In this par-
ticular example, it would be possible to reduce the rms error
by using different values of for the left and right halves of
the building, thus reflecting the fact that there are more internal
walls in the left section, as can be seen in Fig. 4.

D. Reproducibility

In order to assess the reliability of the transmission-loss mea-
surements and the determination of , the reproducibility of

the experimental results was investigated for the building under
present consideration. Important factors that could cause two
subsequent measurements to yield different results are 1) phys-
ical nonstationarity of the environment; for example, due to
movement inside the building, and 2) difficulty to conduct the
measurements at exactly the same observation points [2]. The
lower curve in Fig. 6 represents the result of a second mea-
surement along the same trajectory, with the transmit antenna
at location “Tx1.” Apart from a small misalignment in distance,
caused by speed variations of the measurement vehicle, this re-
sult is almost identical to that of the first measurement. Fig. 7
shows the results of two consecutive measurements along the
same trajectory, but with the transmit antenna at the location
indicated as “Tx2” in Fig. 4. Again, the measured curve is
seen to be well reproducible. Although there is a significant dif-
ference with respect to the result for antenna position “Tx1,”
the value of obtained for position “Tx2” is close to the first
value, viz. 1.66 dB/m. This indicates that the measured is not
very sensitive to the exact measurement configuration and that
it is indeed inherent to the internal properties of the building.

E. Description of the Buildings

The buildings selected for the measurements can be roughly
classified into the four categories listed in Table I. Although
it might be argued that residential houses (category 1) are
more typical of suburban than urban environments, this type
of building is sometimes also found in city centers and was,
therefore, not left out of consideration. A list of all buildings
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Fig. 8. Photographs of six of the buildings selected for the experiments. (a) Building 3. (b) Building 9. (c) Building 14. (d) Building 15. (e) Building 19.
(f) Building 22.

and their external properties is given in Table II. For build-
ings consisting of different sections with different heights,
the minimum height is specified. For the six buildings in
Table II that are marked with an asterisk, plots of the measured
building-transmission loss are presented and discussed in
the next section. Photographs of these buildings are shown in
Fig. 8. The office building discussed previously is referred to
as building 22 in Table II and is shown in Fig. 8(f).

F. Results

By means of the procedure described in Sections IV-B and
IV-C, the building-transmission loss and the corresponding
best fit of were determined for the 22 buildings listed in

Table II. Fig. 9(a)–(f) shows the measured curves for six
of these buildings. For each, the empirical value of and the
corresponding rms modeling error are given in Tables III–VI,
as well as the range in which the averaged measured building-
transmission loss lies. Overall, ranges roughly from 20 to
40 dB.

In general, (10) can be seen to provide a good fit to the
measured data when the attenuation factor is optimized for
the building under consideration, with rms errors around 3 dB.
Building 22, which was taken as an illustrative example earlier
in this paper, represents a “worst case” in the sense that the
rms error achieved for this building is the highest of all. This
relatively large error can be explained by the building’s internal
inhomogeneity, as discussed earlier.
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Fig. 9. Measured and modeled building-transmission loss L for six of the buildings selected for the experiments. (a) Building 3. (b) Building 9. (c) Building 14.
(d) Building 15. (e) Building 19. (f) Building 22.

The 22 buildings tested can be characterized rather well by
the average values of their respective categories, which are in
turn all close to the total average value of . This
is an indication that the building-transmission model, in combi-
nation with an -value of 2.1 dB/m, has considerable predictive

value. The largest spread around the average value is observed
in category 4 (office buildings). This is possibly the result of the
widely different internal layouts and the diversity of building
materials used in this category. The layouts and materials of the
buildings in the other categories are much more uniform.
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TABLE III
MEASURED TRANSMISSION CHARACTERISTICS FOR BUILDINGS OF CATEGORY 1

TABLE IV
MEASURED TRANSMISSION CHARACTERISTICS FOR BUILDINGS OF CATEGORY 2

V. PREDICTION RESULTS

The objective of this section is to illustrate the improvement
in prediction accuracy that can be achieved by incorporating
the new building-transmission model in a ray-based propagation
model. A comparison is made with measured data.

The predictions in this section were generated for an urban
environment in Bern, Switzerland, at 1.89 GHz. In the past,
extensive microcellular-type measurements were conducted in
this area and at this frequency [2], [26]. One of the results of
these measurements was that the received field strength behind
some of the buildings obstructing the LoS to the base station
antenna was significantly higher than predicted if only reflec-
tion and diffraction were considered. Additional measurements,
based on a high-resolution angle-of-arrival estimation method
described in [24], showed that this discrepancy was caused by
the fact that some buildings were “leaking” a significant frac-
tion of the field incidence on them. Hence, it was concluded
that buildings cannot be considered opaque at frequencies used
for terrestrial mobile communications.

The propagation model that produced the predictions is a 2-D
ray-tracing model with the following characteristics. Reflected
and diffracted fields are computed using the reflection coeffi-
cient for impedance boundaries and the corresponding diffrac-
tion coefficient of Tiberio–Maliuzhinets [22], respectively. In
addition, the model considers transmitted and tree-scattered
rays [3], [4]. Each ray can undergo any possible combination
of reflection, transmission, diffraction, and scattering, up to
a predetermined order. Here, transmission order means the
number of walls penetrated. The ray-tracing engine makes use
of the concept of virtual sources [2] that, together with the
real source (the base station antenna), completely describe the
field distribution due to the interaction with the environment.
The prediction area is divided into square pixels. For each
pixel, the local mean power, required to compute the (local
mean) path loss, is obtained using the spatial averaging (SA)
method proposed in [27].

TABLE V
MEASURED TRANSMISSION CHARACTERISTICS FOR BUILDINGS OF CATEGORY 3

TABLE VI
MEASURED TRANSMISSION CHARACTERISTICS FOR BUILDINGS OF CATEGORY 4

The following parameters were used to produce the predic-
tions. The relative dielectric permittivity of the buildings was
chosen equal to 5 and the conductivity was zero. The specific
attenuation constant was taken to be 2.1 dB/m, which is
the average of the empirical values found in Section IV. The
base station antenna was omnidirectional and the pixel area was

.
Fig. 10 shows area predictions of path loss, with and without

considering transmission through buildings. The hatched circles
in this figure indicate the locations and radii of trees, informa-
tion that was extracted from aerial photographs of the area. For
the predictions to be discussed at the end of this section, all trees
were assumed to be 8 m high. In generating the prediction result
shown in Fig. 10(a), the maximum number of wall transmissions
was set to one, so that rays can penetrate buildings but cannot
be transmitted through them. The results shown in Fig. 10(b),
on the other hand, were obtained by setting the maximum trans-
mission order to three, permitting rays to be transmitted through
maximally one building and then penetrate a second one. The
diffraction order was one and tree-scattering was initially not
considered. The white observation areas (pixels) that can be
seen in both subfigures correspond with areas that cannot be
“reached” by rays of the order permitted. Obviously, a larger
fraction of the total area can be reached if transmission through
buildings is permitted. Significant differences between the pre-
diction results of Fig. 10(a) and (b) are observed on Rodtmatt
and Wiesen Streets, opposite to the base station. In these areas,
differences up to approximately 50 dB occur. Hardly any differ-
ence can be seen in the streets perpendicular to the LOS street,
which confirms the statement made earlier in this paper that
transmission through buildings is not an important mechanism
with regard to propagation around street corners.

A detailed comparison between measured data obtained from
[2], [26], and predictions generated with and without considering
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Fig. 10. Area predictions of local mean power for the urban microcell configuration in Bern, Switzerland, (a) without and (b) with consideration of transmission
through buildings. Predictions were generated considering five reflections, one diffraction, and no scattering. Hatched circles represent trees and “BS” denotes the
base station location.

building transmission was made for the trajectory indicated in
Fig. 10. The number of observation points on this trajectory is
92. Table VII shows the mean and rms prediction errors obtained
for various ray orders. This table also shows the number of
virtual sources found in the ray-tracing procedure, which gives
an indication of the computational complexity. The diffraction
order was one and the scattering order was initially set to zero.
For transmission order one and reflection orders lower than five,
some points on the trajectory are not reached by at least one
ray, so that the prediction error is meaningless. Increasing the
reflection order is seen to gradually reduce the prediction error,
until convergence is reached at some point. A very significant
improvement is obtained, however, if rays are permitted to

propagate through buildings. In that case, the rms error drops
from 28 to 10 dB. A further increase of the transmission order
to five, allowing rays to be transmitted through two buildings,
does not lead to further improvement. Table VII also shows
the total number of sources found in the ray-tracing procedure.
This number, and with it the computational load, is seen to rise
sharply with the number of ray interactions considered. Yet,
by considering building transmission, a much better prediction
accuracy can be achieved at roughly the same computational
load.

Fig. 11 shows the measured and predicted path loss along
the trajectory for reflection order five, diffraction order one,
and transmission orders one and three. Again, it can be clearly
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TABLE VII
PREDICTION ERRORS AND NUMBER OF SOURCES FOR URBAN MICROCELL CONFIGURATION IN BERN, SWITZERLAND, FOR VARIOUS RAY ORDERS

Fig. 11. Measured and predicted path loss along the trajectory in Bern,
Switzerland. Predictions were generated considering five reflections and one
diffraction.

seen that taking into account transmission through buildings re-
sults in a large improvement, especially in the middle part of
the trajectory. A considerable difference between measurement
and prediction remains near the intersection of Rutli and Park
Street. As is illustrated by the dashed–dotted line in Fig. 11, this
difference can partly be explained by the neglect of scattering

from trees. Taking into account first-order scattering, using the
tree-scattering model and leaf and branch parameters of [4],
reduces the rms prediction error further, from 10 to 6 dB, as
shown in Table VII. Although it is not shown here, most of this
improvement is due to considering the power scattered around
street corners by trees located near intersections.

VI. CONCLUSION

In this paper, a quasi-two-dimensional model has been
presented for the propagation of radiowaves through buildings.
This model can be integrated seamlessly in existing ray-based
propagation tools based on reflection and diffraction, although
it requires the ray-tracing engine to be modified such that it
can handle rays going through one or more building walls.
The model needs information about each building’s exterior
coordinates, its complex permittivity , and a suitable choice
of the attenuation factor , which is related to the internal
building structure. Outdoor-to-indoor propagation (building
penetration), which is receiving increased attention now that
indoor coverage is becoming an important aspect of mobile
network quality, is automatically taken into account as a
“by-product.” It is noted, however, that the present model
can only be expected to provide good results for building
penetration below the average rooftop level, due to its 2-D
nature. A different model has to be used for the prediction of
indoor field strength levels at higher floors.
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For a given value of , the parameter of a building can
be obtained by fitting the expression for the building-transmis-
sion loss, defined as the path loss corresponding to a trans-
mitted ray relative to free-space loss, to measured values of the
building-transmission loss in the building’s deep shadow. By
means of a simple and accurate method that was also presented
in this paper, measurements of were carried out for a set of
22 buildings at a frequency of 1.9 GHz. Empirical -values
obtained from these measurements (assuming a permittivity of
5 and zero conductivity) range from 1.4 to 3.8 dB/m, but most
are concentrated around the average value of 2.1 dB/m. If it is
not feasible to determine for each individual building, as will
usually be the case in the practice of network planning, no large
prediction errors are expected if all buildings are characterized
by this average value.

It is noted that the values obtained in this study are con-
siderably higher than the specific attenuation factors reported
in previous work based on the COST 231 building penetration
model, which are typically in the range from 0.3 to 0.6 dB/m
at frequencies around 2 GHz [7], [11], [12]. This discrepancy
is most likely due to the fact that the COST model uses sepa-
rate terms representing the losses inside the exterior and interior
walls, whereas the coefficient adopted herein accounts for all
losses within the interface between the exterior wall and the free
space surrounding the building, as discussed in Section II. Be-
cause the present model describes the building-transmission loss
as being distributed uniformly along the transmitted ray path, it
can be expected to be less accurate in the immediate vicinity
of walls and other dominant obstructions within the building.
However, as shown in Section IV, it provides a consistently good
approximation of the transmitted field in the area behind the
building. As stated earlier, one of the main advantages of the
present building-transmission model over other models is that it
does not require any knowledge about the building interior other
than .

The building-transmission loss is usually in the range be-
tween 20 and 40 dB, which is low considering that DSBs in
the shadow area of a building can easily be more than 40 dB
below the free-space level. Transmission through buildings is,
therefore, often significant in heavily shadowed regions, which
are typical for urban microcells. In fact, this mechanism was
shown to be well measurable in all 22 experiments discussed in
this paper. If disregarded in the planning stage of microcellular
radio networks, unacceptable levels of cochannel interference
may result.

An illustration of the potentially great improvement in prop-
agation prediction accuracy achievable by considering “new”
propagation mechanisms (building transmission, tree scat-
tering) was given in the previous section. Improved prediction
of radio channel characteristics is a key to more efficient radio
network designs and to consequential savings in equipment,
installation, and maintenance.
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